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• Two important questions in the field of High Energy 
physics:
• Neutrino mass generation.

• Nature of Dark Matter.

• Cosmological results based on Planck’s measurements of 
the CMB:
• 

• 

Ωch
2 = 0.1199± 0.0027

Neff = 3.30± 0.27 Planck Collaboration 
arXiv:1303.5076

Motivation
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• Neutrinos have played an important role in testing:
• Standard Model.
• Structure of the nucleon.
• Dynamics of core collapse supernovae, etc.

• Neutrino masses still intrigue us...
• Sensitive to large new physics scales or scales 
as low as a TeV.
• Two mixing angles are large.
• CP violation.
• Dirac or Majorana?
• Absolute mass scale and mass ordering.
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We will use the following best fit points for the standard mixing parameters [8]

∆m2
21 = (7.50± 0.185)× 10−5 eV2

sin2 θ12 = 0.30± 0.013

∆m2
31 = (+2.47± 0.07)× 10−3 eV2 (normal ordering)

∆m2
32 = (−2.43± 0.06)× 10−3 eV2 (inverted ordering)

sin2 θ13 = 0.023± 0.0023

sin2 θ23 =

�
0.41± 0.037 (1st octant)
0.59± 0.022 (2nd octant)

U =




c12 c13 s12 c13 s13e−iδ

−s12 c23 − c12s13s23 eiδ c12 c23 − s12s13s23 eiδ c13 s23
s12 s23 − c12s13c23 eiδ −c12 s23 − s12s13c23 eiδ c13 c23





arXiv:1209.3023

Status: Oscillations sensitive to neutrino masses.

André de Gouvêa Northwestern
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• See “Neutrino Oscillations: Present and 
Future” by Chang Kee Jung, Plenary session 
at PHENO 2014.
•      - appearance to probe CPV phase.νe
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• Introduce a model of physics beyond the Standard 
Model which can naturally generate small neutrino 
masses while providing a viable candidate for the dark 
matter present in our universe.
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• Neutrinos in the Standard Model:
• Active neutrinos:
• SU(2) doublet with a charged lepton.
• Three flavours: νe, νµ, ντ

• Sterile neutrinos:
• SU(2) singlet:
•Allowed interactions are through Higgs, 
mixing, or BSM interactions. 

νR
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• Dirac masses:
• Can be generated by vev of Higgs doublet.

L ⊃ L̄αYi,ανR,iH
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• Dirac masses:
• Can be generated by vev of Higgs doublet.

L ⊃ L̄αYi,ανR,iH

mD = yd �H�

yD ∼ 10−12

mD ∼ 0.1 eV
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• Dirac masses:
• Can be generated by vev of Higgs doublet.

L ⊃ L̄αYi,ανR,iH

• Majorana masses:
• For active neutrinos, can generate them through 
a Higgs triplet.
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Seesaw Mechanism (Type I):

L ⊃ 1
2
ν̄c

R,i (MR)i,j νR,j + L̄α (YD)i,α νR,iH

mν = −mDM−1
R mT

D MR ∼ 1015 with mD ∼ �H�

• Need to test the Higgs vertex:
• Formidable task since we don’t know the nature 
of       .
• Assumptions can be made, i.e.                     such as 
in SO(10) models.  

mD → mqu

mν

Yanagida.
M. Gell-Mann, P. Ramond, R. Slansky.
R.N. Mohapatra, G. Senjanovic
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• Type II seesaw: Adds an SU(2)W Higgs triplet which 
couples to the SM lepton doublet generating a Majorana 
mass term for left-handed neutrinos.

• Type III seesaw: Adds an SU(2)W fermion triplet which 
couples to the SM lepton doublet generating a Dirac mass 
for left-handed neutrinos.

• Radiative seesaw models.

• Supersymmetric extensions, etc.

Other mechanisms:
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Model

• Use the top quark as a dark portal and for neutrino mass 
generation:
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• Extension of the Standard Model:
• Z2 yields a viable dark matter candidate.

Dark Matter:

LBSM =
�

i=u,c,t

yui
ψ ūiPLN

cψ + h.c. N : (1,1,0)

ψ : (3,1,2/3)

Y. Bai and J. Berger
S. Chang,  R. Edezhath, J. Hutchinson, and M. Luty
H. An, L. -T. Wang and H. Zhang
A. DiFranzo, K. I. Nagao, A. Rajaraman, and T. M. P. Tait
M. Garny, A. Ibarra, S. Rydbeck, and S. Vogl

• See “Dark Matter at Colliders” by Lian-Tao 
Wang, Invited Review at PHENO 2014.

NR (p1) t, c, u (p3)

ψ

NR (p2) t, c, u (p4)

FIG. 1. Interaction channels that lead to a reduction in the relic abundance of the Majorana

neutrino, NR: Channels consist of annihilation into uiūj , i, j = u, c, t.

where g denotes the number of degrees of freedom of the particle under consideration and

g∗ the number of relativistic degrees of freedom at the freeze out temperature. The present

day relic abundance is then given by

ΩDMh2 ≈
1.07× 109 GeV−1

Jg1/2∗ MP l

, (8)

where

J ≡
∫ ∞

xFO

〈σv〉
x2

dx. (9)

The thermalized cross section at temperature T can be calculated from the annihilation

cross section of our dark matter candidate, NR. The annihilation channels are depicted in

Figure 1. The thermalized cross section is given by

〈σNRNR
v〉 =

∫ ∞

4M2

NR

ds
(s− 4M2

NR
)s1/2K1(s1/2/T )

8MNR
TK2

2 (MNR
/T )

σ(s), (10)

where σ(s) is the annihilation cross section of the 2 → 2 annihilation process

dσ(s)

dΩ
=

|M |2

64π2s

|#p3|
|#p1|

(11)

and K1(z), K2(z) are Modified Bessel functions of the first and second kind respectively.

In our analysis we use the Boltzmann distribution to calculate the thermal averaged cross

section. This allows us to consider a low velocity expansion of the annihilation cross section:

σvrel ≈ arel + brelv
2
rel + ...+, (12)

4

MNR < mψ
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Dark Matter:

• We use a low velocity expansion of the annihilation cross 
section.   

• Annihilation only into lights quarks is p-wave 
suppressed.   

�σNRNRv� ≈ v2rel
�
(yuψ)

4 + (ycψ)
4
� m2

NR
(m4

NR
+m4

ψ)

16π(m2
NR

+m2
ψ)

4
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Dark Matter:

• We use a low velocity expansion of the annihilation cross 
section.   

• Non-zero coupling to the top-quark leads to an s-wave 
contribution.   

�σNRNRv� ≈
3m2

t (y
t
ψ)

2

128πM4
NR

�
4(ytψ)

2M3
NR

�
(MNR −mt)(MNR +mt)

(M2
NR

−m2
t +m2

ψ)
2

−
[(yuψ)

2 + (ycψ)
2](4M2

NR
−m2

t )
2

2(2M2
NR

−m2
t + 2m2

ψ)
2

�
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5

while for annihilation mainly into tt̄, small yu,cψ , the thermalized cross section is dominated by the s-wave:

〈σNRNRv〉 ≈
3m2

t (y
t
ψ)

2

128πM4
NR

(

4(ytψ)
2M3

NR

√

(MNR −mt)(MNR +mt)

(M2
NR

−m2
t +m2

ψ)
2

−
[(yuψ)

2 + (ycψ)
2](4M2

NR
−m2

t )
2

2(2M2
NR

−m2
t + 2m2

ψ)
2

)

.

(12)

300 400 500 600 700 800
0

100

200

300

400

500

600

MΨ !GeV"

M
N
!G
eV
"

300 400 500 600 700 800
0

100

200

300

400

500

600

MΨ !GeV"

M
N
!G
eV
"

FIG. 2. Thermalized cross section in the mψ −MNR plane for yt,u
ψ ≈ 0, yc

ψ = 1 on the left and yc,u
ψ = 0, yt

ψ = 1 on the right.

The green region corresponds to 〈σv〉 > 3× 10−26cm3/s while the dashed black line to 〈σv〉 = 3× 10−26cm3/s.

With the above method, our calculations were in good agreement with the relic abundance generated by Mi-
crOMEGAs [40] with model files generated with the latest version of FeynRules [41]. We would also like to emphasize
that near the degenerate region, MNR ≈ mψ, co-annihilation effects become important. The co-annihilation channels
that contribute to the relic abundance calculation are NRψ† → u/c/t, g as well as the ψψ† annihilation channels.
These channels tend to make the annihilation process more efficient requiring lower values of yt,c,uψ and become im-
portant if the mass difference, δm = mψ −MNR , is small compared to the freeze-out temperature of the Majorana
neutrino [42]. Within our framework, the region consistent with the cold dark matter cosmological parameter sits
away from this region and thus co-annihilation effects can be safely neglected. The results for yt,uψ = 0 and ycψ = 1

are shown in Figure 2(a). The dashed line corresponds to an annihilation cross section of 〈σv〉 = 3 × 10−26 cm3/s,
the grey region corresponds to mψ < MNR and the green region to an annihilation cross section into a pair of charm
quarks greater than 3 × 10−26 cm3/s . For ytψ = 1 and yc,uψ = 0 the annihilation will be into tt̄ and the s wave
contribution dominates. We can see this in Figure 2(b) where the green region corresponds to s-wave contributions
greater than 3× 10−26 cm3/s.

B. Direct Detection

In our framework, the dark matter candidate is a Majorana fermion with chiral symmetric interactions that lead to a
non-relativistic WIMP-nucleon scattering cross section dominated by spin-dependent interactions [43]. The scattering
is dominated by t- and u-channel exchanges of the coloured electroweak-singlet, ψ. The amplitude in terms of the
quark-current expectation values is given by

M =
1

(m2
ψ −M2

NR)

ūNRγ
µγ5uNR

〈

q̄γµγ
5q
〉

, (13)

c-quark t-quark

• Co-annihilation effects can be safely neglected:

NRψ
† → u/c/t g, ψψ†



Seminar, Fermilab. May 8, 2014

Direct Detection:

• Majorana fermion with chiral symmetric interactions:
• Scattering is dominated by spin dependent interactions.
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FIG. 24. Fraction of events as a function of the transverse momentum of the reconstructed top quark, pT,top. The dashed black
line represents a scenario within our framework where mψ = 700 GeV and MNR = 210 GeV. Both signals were generated using
(yt

ψ, y
c
ψ, y

u
ψ) = (1, 0.001, 0.5).

We have implemented collider searches for monojets and multijets in association with missing transverse energy. In
addition, it was seen that searches for scalar top pair production can further exclude a wide region of the parameter
space. To analyze the impact of these searches, we have applied the constraints to three benchmark scenarios. The
benchmark scenarios all have a large value of ytψ to evade rare decay bounds and small value of ycψ to avoid constraints
from flavour oscillations. Three values of yuψ ranging from 0.1 − 1 are considered. This coupling is varied mainly
because we study the production of a single top quark in association with missing transverse energy, which in this
framework, has as the main production mode quark-gluon fusion. This production mode is enhanced for large values
of yuψ, however, the parameter region corresponding to large yuψ is highly constrained by monojet + MET searches.
We have analyzed the monotop production in both the hadronic and semi-leptonic decay modes of the top quark

and saw that with the current
√
s = 8 TeV data set a monotop search does not probe the allowed region of parameter

space. The situation changes at
√
s = 14 TeV, where an approximate calculation puts this model within the reach of

the LHC with 300 fb−1 of integrated luminosity. Future work may want to consider better top quark reconstruction
techniques to better discriminate the SM background. In particular, tagging boosted tops can be used to better probe
models that predict a monotop signature with 14 TeV centre of mass energies.

NR

q

ψ

NR

q

FIG. 25. Leading order Feynman diagram for monotop production at the LHC in association with missing transversed energy
carried away by Majorana neutrino.

[1] L. Bergstrom, Rept. Prog. Phys. 63, 793 (2000) [hep-ph/0002126].
[2] G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405, 279 (2005) [hep-ph/0404175].

M =
(yuψ)

2

4(m2
ψ −M2

NR
)
N̄Rγ

µγ5NR

�
ūγµγ

5u
�
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Direct Detection:

• Majorana fermion with chiral symmetric interactions:
• Scattering is dominated by spin dependent interactions.
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We have implemented collider searches for monojets and multijets in association with missing transverse energy. In
addition, it was seen that searches for scalar top pair production can further exclude a wide region of the parameter
space. To analyze the impact of these searches, we have applied the constraints to three benchmark scenarios. The
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because we study the production of a single top quark in association with missing transverse energy, which in this
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of yuψ, however, the parameter region corresponding to large yuψ is highly constrained by monojet + MET searches.
We have analyzed the monotop production in both the hadronic and semi-leptonic decay modes of the top quark

and saw that with the current
√
s = 8 TeV data set a monotop search does not probe the allowed region of parameter

space. The situation changes at
√
s = 14 TeV, where an approximate calculation puts this model within the reach of

the LHC with 300 fb−1 of integrated luminosity. Future work may want to consider better top quark reconstruction
techniques to better discriminate the SM background. In particular, tagging boosted tops can be used to better probe
models that predict a monotop signature with 14 TeV centre of mass energies.
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FIG. 25. Leading order Feynman diagram for monotop production at the LHC in association with missing transversed energy
carried away by Majorana neutrino.

[1] L. Bergstrom, Rept. Prog. Phys. 63, 793 (2000) [hep-ph/0002126].
[2] G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405, 279 (2005) [hep-ph/0404175].

• Dimension-7 operators are loop induced and lead to spin 
independent interactions:                           ,O2 =

αS

4π
GaµνGa

µνN
2
R O3 = mq q̄qN

2
R
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Dark matter - nucleon scattering: yuψ = 0.5
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FIG. 4. Same as in Figure 3(a) and 3(b) but with yu
ψ = 0.5

ν!L ν!′ Lt N t

χ χψ ψ

FIG. 5. 3-loop generation of a Majorana mass for active neutrinos from the t-quark. The crosses on the fermion lines indicate
mass insertions. Similar diagrams from the u- and c-quarks will also play a role.

This diagram was due to exchanges of both ψ and χ fields. The mechanism is depicted in Figure 5 and gives finite
contributions to the $, $′ elements of the active neutrino mass matrix Mν that can be written as

(Mν)""′ =
∑

i,j

Kijλi
"λ

j
"′ , (16)

where i, j = u, c, t. The Kij factor controls the scale of neutrino masses and it is given by

Kij =
yi
ψy

j
ψρ

(16π2)3
mimj M

3
NR

(m2
χ −m2

i )(m
2
χ −m2

j)
I(m2

ψ,m
2
χ,m

2
i , m

2
j),

I(m2
ψ,m

2
χ,m

2
i ,m

2
j) =

∫ ∞

0

du
u

u+ 1
f(u,m2

i ,m
2
ψ, m

2
χ)f(u,m

2
j ,m

2
ψ,m

2
χ)

f(u,m2,m2
ψ,m

2
χ) =

∫ 1

0

dx ln

(

m2
χ(1− x) +m2

ψx+M2
Nux(1− x)

m2(1− x) +m2
ψx+M2

Nux(1− x)

)

. (17)

This reveals the workings of a generalized seesaw mechanism. The seesaw scale here is mχ. In the limit MNR → 0
there is a conserved lepton number and therefore the active neutrinos will remain massless. Dimensional arguments
give the other mass ratios in Equation(17) as the integrals are dimensionless.
Numerically it is easy to see that the important contributions come from the t- and c-quarks without fine tuning

of the Yukawa couplings. Moreover, if only one generation of quarks contributes, such as the t-quark, then it will
give rise to two massless active neutrinos which is ruled out by neutrino oscillation data. Thus, at least two quark
generations must come into play. This will result in one massless neutrino, which is consistent with current data. If
all three neutrinos were to be found to have non zero masses, then the u-quark must also be included. We note that
another solution for light neutrino masses would be to add one or two more NR but we don’t pursue this alternative
here.
In this work we update the results presented in [33] in various interesting regions of parameter space. We choose

to vary only the mass of the coloured electroweak-singlet scalar and the Majorana neutrino, NR. We use a coloured
electroweak-triplet scalar with mass mχ = 1 TeV and a scalar potential coupling ρ = 0.1 as benchmark points.
In addition, we keep the leading contribution to the masses of the active neutrinos coming from the t-quark. In

Figure 6(a) we present the Kt,t factor in the MNR − mψ plane for ytψ = 1 and yc/uψ ≈ 0. The red and black lines

• COUPP arXiv:1008.3518
• PICASSO arXiv:1106.3014
• SIMPLE arXiv:1106.3014

• XENON10 arXiv:0805.2939
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TABLE I: Parameters of the xenon isotopes used in this analysis: nuclear total angular momentum and parity of the ground

state, JP
, predicted expectation values of the total proton and neutron spin operators in the nucleus �Sn,p� by the Ressell and

Dean (Bonn A potential) [14], Toivanen et al. (Bonn CD potential) [16] and Menendez et al. (state-of-the art valence shell

interactions) [17] calculations.
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FIG. 1: Structure functions for
129

Xe (top) and
131

Xe (bot-

tom) for the case of neutron (plain) and proton (dashed) cou-

plings, as a function of recoil energy using the calculations of

Ressell and Dean [14], Toivanen et al. [16] and Menendez et
al. [17]. The difference is most significant in the case of the

proton coupling for the Toivanen et al. results.

sults. Table I summarizes the expectation values of the

total proton and neutron spin operators in the nucleus for
129Xe and 131Xe in the zero momentum transfer limit.

Constraints on the spin-dependent WIMP-nucleon

cross sections are calculated using the Profile Likelihood

approach described in [31]. Systematic uncertainties in

the energy scale and in the background expectation are

taken into account when constructing the Profile Like-

lihood model and are reflected in the actual limit. It

is given at 90% C.L. after taking into account statisti-

cal downward fluctuations in the background. We as-

sume that the dark matter is distributed in an isothermal

halo with a truncated Maxwellian velocity distribution

with a local circular speed of vc = 220 km/s, galactic

escape velocity vesc = 544 km/s and a local density of

ρ = 0.3GeV cm−3 [8].

The resulting upper limits from XENON100, along

with results from other experiments, are shown in Fig-

ure 2 for neutron couplings (top panel) and proton cou-

plings (lower panel). The 1σ (2σ) uncertainty on the
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FIG. 2: XENON100 90%C.L. upper limits on the WIMP

SD cross section on neutrons (top) and protons (bottom) us-

ing Menendez et al. [17]. The 1σ (2σ) uncertainty on the

expected sensitivity of this run is show as a green (yellow)

band. Also shown are results from XENON10 [22] (using

Ressel and Dean [14]), CDMS [23, 24], ZEPLIN-III [25] (us-

ing Toivanen et al. [16]), PICASSO [26] , COUPP [27], SIM-

PLE [28], KIMS [29], IceCube [30] in the hard (W+W−
, τ+τ−

for WIMP masses <80.4GeV/c
2
) and soft (bb̄) annihilation

channels.
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FIG. 1: Structure functions for
129

Xe (top) and
131

Xe (bot-

tom) for the case of neutron (plain) and proton (dashed) cou-

plings, as a function of recoil energy using the calculations of

Ressell and Dean [14], Toivanen et al. [16] and Menendez et
al. [17]. The difference is most significant in the case of the

proton coupling for the Toivanen et al. results.

sults. Table I summarizes the expectation values of the

total proton and neutron spin operators in the nucleus for
129Xe and 131Xe in the zero momentum transfer limit.

Constraints on the spin-dependent WIMP-nucleon

cross sections are calculated using the Profile Likelihood

approach described in [31]. Systematic uncertainties in

the energy scale and in the background expectation are

taken into account when constructing the Profile Like-

lihood model and are reflected in the actual limit. It

is given at 90% C.L. after taking into account statisti-

cal downward fluctuations in the background. We as-

sume that the dark matter is distributed in an isothermal

halo with a truncated Maxwellian velocity distribution

with a local circular speed of vc = 220 km/s, galactic

escape velocity vesc = 544 km/s and a local density of

ρ = 0.3GeV cm−3 [8].

The resulting upper limits from XENON100, along

with results from other experiments, are shown in Fig-

ure 2 for neutron couplings (top panel) and proton cou-

plings (lower panel). The 1σ (2σ) uncertainty on the
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FIG. 2: XENON100 90%C.L. upper limits on the WIMP

SD cross section on neutrons (top) and protons (bottom) us-

ing Menendez et al. [17]. The 1σ (2σ) uncertainty on the

expected sensitivity of this run is show as a green (yellow)

band. Also shown are results from XENON10 [22] (using

Ressel and Dean [14]), CDMS [23, 24], ZEPLIN-III [25] (us-

ing Toivanen et al. [16]), PICASSO [26] , COUPP [27], SIM-

PLE [28], KIMS [29], IceCube [30] in the hard (W+W−
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2
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H + Ṽ (χ,ω) + h.c



Seminar, Fermilab. May 8, 2014

Neutrino mass generation:

• Conserved Z2 prevents Dirac neutrino mass terms for 
the active neutrinos.

• Incorporate two coloured electroweak-triplet 
scalars.

LBSM =
�

i=u,c,t

yui
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Figure 2: 3-loop generation of a Majorana mass for active neurinos. The
crosses on the fermion lines indicate mass insertions

following general structure

Mν = K




λ2

e λeλµ λeλτ

λeλµ λ2
µ λµλτ

λeλτ λµλτ λ2
τ



 (6)

where K is a common factor that arises from the 3-loop integral and controls
the scale of neutrino masses. Explicitly

K =
y2

ψρ

(16π2)3
m2

t MN

(M2
χ − m2

t )2
I(M2

χ,M2
ψ),

I =
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χ(1 − x) + M2
ψx + ux(1 − x)

M2
t (1 − x) + M2

ψx + ux(1 − x)

)]2

.(7)

As seen previously in order to get the correct relic density for NR we have
MN " mt and yψ ∼ 0.5. We have conservatively taken Mχ = 1TeV. Using
these values we estimate K ∼ 1eV for ρ = 0.1 and I ∼ M2

N . Thus, a millivolt
active neutrino mass is quite natural in this model.

4 Constraint from µ → eγ

Although the dark matter calculation is not sensitive to the masses of the
triplet states they can give rise to lepton flavor violating decays such as µ →
eγ as well as contributing to muon anomalous magnetic moment aµ. Both
occurs as 1-loop level. Interestingly the singlet state ψ does not contribute
to these processes at this level. The Feynman diagrams for µ → eγ are
depicted in Fig. 4)

4

ω† ω†
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FIG. 6. Kt,t factor in the MNR−mψ plane. (a)Left: yt
ψ = 1 and yc/u

ψ ≈ 0. The red and black lines correspond to Kt,t = 500, 100

eV respectively. (b)Right: yt
ψ ≈ 0 and yc/u

ψ = 1. The red and black lines correspond to Kt,t = 5, 1 eV.

correspond to Kt,t = 500, 100 eV respectively. We emphasize that values of Kt,t below 100 eV are possible for small

Majorana masses and large values of mψ. Figure 6(b) corresponds to ytψ ≈ 0 and yc/uψ = 1. The red and black lines
correspond to Kt,t = 5, 1 eV. In this region of parameter space, a Kt,t factor in the meV range is possible for small
values of MNR and large values of mψ.

V. CONSTRAINTS

In the following subsections we discuss the main constraints on our model. In particular, we look at the regions of
parameter space excluded by lepton flavour violating decays, rare decays of the top quark and the existence of new
modes for Higgs decay and production. Furthermore, we look at the latest collider searches for dark matter by the
CMS collaboration in the jets + MET and monojet channels.

A. µ → eγ and rare b decays

Although the dark matter calculation is not sensitive to the masses of the coloured electroweak-triplet states, they
can give rise to lepton flavour violating decays such as µ → eγ as well as a contribution to the muon anomalous
magnetic moment, aµ. Both contributions come in at the 1-loop level. Interestingly, the singlet state ψ does not
contribute to these processes at this level. The Feynman diagrams for the µ → eγ decay process are depicted in
Figure 7.

The effective Lagrangian for the decay can be written as

L = Aēiσµν(1 + γ5)µFµν . (18)

The decay width is given by

Γ(µ → eγ) =
|A|2m3

µ

16π
, (19)

ytψ ≈ 1 ytψ ≈ 0

ρ = 0.1, mχ = 1 TeV
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• Rare muon and b decays: Sensitive to coloured 
electroweak-triplets.

LBSM =
�

i=u,c,t

yui
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FIG. 7. 1-loop diagrams for µ(p) → e(p′) + γ(q) decays. The arrows indicate fermion charge flow. Main contribution comes
from (a) and (b) whereas (c) and (d) are needed to enforce gauge invariance. Similar diagrams from the second generation
quarks are not displayed

where a standard calculation yields the following expression for A

A =
emµ

64π2m2
χ

∑

i=t,c,u

λi
µλ

i
e

(1− ai)3

[

3− 10ai − 5a2i +
2ai − 16a2i
1− ai

ln ai

]

−→
ai→0

3e

64π2

(

mµ

m2
χ

)

∑

i=t,c,u

λi
µλ

i
e.

(20)

In the above equation we have assumed a common mass, mχ, for both χ2 and χ3 and defined ai =
m2

i

M2
χ
. We have also

neglected terms of O
(

(mt(b)/M)2
)

. Therefore, the branching fraction is given by

Br(µ → eγ) = 1.8

(

TeV

mχ

)4

× 10−6|λt
µλ

t
e + λc

µλ
c
e + λu

µλ
u
e |2. (21)

Since in our framework Kt,t $ Kc,c,Ku,u, our calculations are not sensitive to the value of λc
µλ

c
e which appears

in Equation (16). Furthermore, we can set λu
l ∼ 0 in order to suppress rare kaon decays. In order to analyze the

constraints arising from this rare decay, we maximize the contribution from new physics by working in the limit where
λc
µλ

c
e ∼ λt

µλ
t
e and set mχ = 1 TeV. In order to extract an upper bound on the value of λt

µλ
t
e we follow the analysis

in [33] where we made use of the latest best fit value for Mν
eµ [46] assuming a normal hierarchy with m1 → 0, and

the current experimental bound on Br (µ → eγ) ≤ 2.4× 10−12 [47]. With this in mind we can rewrite Equation (21)
using Equation (16):

Br (µ → eγ) = 7.2× 10−6

(

Mν
eµ

Kt,t

)2

. (22)

Similar diagrams to those contributing to µ → eγ contribute to the decay b → sγ. This decay has a SM contribution
which is the same as the amplitude arising from our new physics. The data [48] is consistent with the SM expectation

Br (µ → eγ) = 7.2× 10−6
�meµ

Kt,t

�

meµ = 1.5− 8.8 meV

arXiv:1107.5547

Constraints

arXiv:1302.0653
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• Collider constraints: SUSY searches (stop pair 
production), monojet+MET and jets+MET
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1. Limits from jets+MET
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ψ†
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b

FIG. 8. Leading order Feynman diagrams the lead to jets plus MET final states at the LHC. The diagram on the left will also
lead to a tt̄ plus MET signature and can be constrained by searches for scalar top pair production [62].

In this section we look at the possibility of setting limits to our model by considering searches for jets + MET at
hadron colliders. We focus on a search for multijets and missing momentum with 19.5 fb−1 of data at

√
s = 8 TeV

by the CMS collaboration [19]. In our framework there are various topologies that lead to a multijet plus missing
momentum final state, these are depicted in Figures 8 and 9. For small couplings, yc,uψ , the dominant channel is
depicted in 8(a). In fact, this diagram resembles pair production of scalar quarks (squarks) in supersymmetry with a
final state containing between two and six jets for arbitrary choices of the couplings yt,c,uψ . For large yc,uψ couplings,
the production cross section is enhanced via the diagram depicted in Figure 9(a) since a Majorana fermion mediates
the reaction. This enhancement is more pronounced for large MNR .
The CMS collaboration [19] implements a selection criteria on the number of jets, Njets, with a transverse momen-

tum of pT > 50 GeV and a pseudorapidity of |η| < 2.5. Furthermore, each event is required to have MET above 150
GeV. They consider signal regions where Njets = 3− 5, 6− 7 and ≥ 8. To estimate the current bounds, we simulate
the leading order cross section for the processes depicted in Figures 8 and 9 using MadGraph 5 [59] for masses of the
right-handed Majorana neutrino, NR, and the coloured electroweak-singlet, mψ, for different regions of the couplings
yt,c,uψ . The parton showering and hadronization is carried out with PYTHIA [60] and employ the Delphes 3 detector
simulator package [61] to calculate our acceptances. Since our signal is inclusive, we carry out the matching between
the hard and low energy scales using the MLM matching scheme where parton events generated by MadGraph are
matched to jets from the perturbative shower to avoid double counting.

c/u ψ

c/u(c̄/ū)

t/c/u

NR

NR

ψ (ψ†)

t/c/u (t̄/c̄/ū)

NR

a

c/u NR

c̄/ū

ψ

NR

b

FIG. 9. Leading order Feynman diagrams that lead to jets plus MET final states at the LHC and that enhance the production
rate at large yt,c,u

ψ . The diagram on the right contributes to same-sign top (anti-top) production at the LHC.

The sensitivity of the CMS search to our model for ytψ → 1 and small yc,uψ decreases dramatically since now the
pair produced coloured singlet scalars will decay predominantly to t-quarks plus MET. In this particular case, the
signal region most sensitive to our model is one where Njets = 6− 7; however since the analysis does not implement a
t-quark reconstruction algorithm, the regions with the highest energy jets are those where ψ has a large mass and thus
a smaller production cross section. The signal regions where Njets = 3− 5 lead to a large number of signal events but
not enough to overcome the large systematic uncertainties in the calculated background, mainly the contribution from
QCD. The sensitivity of the CMS search to our model in the large yc,uψ limit is strongest for large Majorana masses and
away from the degenerate region mψ ≈ MNR , where high pT jets from the decay of the coloured electroweak-singlet
are more prominent.
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In this section we look at the possibility of setting limits to our model by considering searches for jets + MET at
hadron colliders. We focus on a search for multijets and missing momentum with 19.5 fb−1 of data at

√
s = 8 TeV

by the CMS collaboration [19]. In our framework there are various topologies that lead to a multijet plus missing
momentum final state, these are depicted in Figures 8 and 9. For small couplings, yc,uψ , the dominant channel is
depicted in 8(a). In fact, this diagram resembles pair production of scalar quarks (squarks) in supersymmetry with a
final state containing between two and six jets for arbitrary choices of the couplings yt,c,uψ . For large yc,uψ couplings,
the production cross section is enhanced via the diagram depicted in Figure 9(a) since a Majorana fermion mediates
the reaction. This enhancement is more pronounced for large MNR .
The CMS collaboration [19] implements a selection criteria on the number of jets, Njets, with a transverse momen-

tum of pT > 50 GeV and a pseudorapidity of |η| < 2.5. Furthermore, each event is required to have MET above 150
GeV. They consider signal regions where Njets = 3− 5, 6− 7 and ≥ 8. To estimate the current bounds, we simulate
the leading order cross section for the processes depicted in Figures 8 and 9 using MadGraph 5 [59] for masses of the
right-handed Majorana neutrino, NR, and the coloured electroweak-singlet, mψ, for different regions of the couplings
yt,c,uψ . The parton showering and hadronization is carried out with PYTHIA [60] and employ the Delphes 3 detector
simulator package [61] to calculate our acceptances. Since our signal is inclusive, we carry out the matching between
the hard and low energy scales using the MLM matching scheme where parton events generated by MadGraph are
matched to jets from the perturbative shower to avoid double counting.
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The sensitivity of the CMS search to our model for ytψ → 1 and small yc,uψ decreases dramatically since now the
pair produced coloured singlet scalars will decay predominantly to t-quarks plus MET. In this particular case, the
signal region most sensitive to our model is one where Njets = 6− 7; however since the analysis does not implement a
t-quark reconstruction algorithm, the regions with the highest energy jets are those where ψ has a large mass and thus
a smaller production cross section. The signal regions where Njets = 3− 5 lead to a large number of signal events but
not enough to overcome the large systematic uncertainties in the calculated background, mainly the contribution from
QCD. The sensitivity of the CMS search to our model in the large yc,uψ limit is strongest for large Majorana masses and
away from the degenerate region mψ ≈ MNR , where high pT jets from the decay of the coloured electroweak-singlet
are more prominent.

• See “Dark Matter at Colliders” by Lian-Tao 
Wang, Invited Review at PHENO 2014.
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The sensitivity of the CMS search to our model for ytψ → 1 and small yc,uψ decreases dramatically since now the
pair produced coloured singlet scalars will decay predominantly to t-quarks plus MET. In this particular case, the
signal region most sensitive to our model is one where Njets = 6− 7; however since the analysis does not implement a
t-quark reconstruction algorithm, the regions with the highest energy jets are those where ψ has a large mass and thus
a smaller production cross section. The signal regions where Njets = 3− 5 lead to a large number of signal events but
not enough to overcome the large systematic uncertainties in the calculated background, mainly the contribution from
QCD. The sensitivity of the CMS search to our model in the large yc,uψ limit is strongest for large Majorana masses and
away from the degenerate region mψ ≈ MNR , where high pT jets from the decay of the coloured electroweak-singlet
are more prominent.
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In order to show the available parameter space consistent with the present dark matter abundance and all of the
constraints discussed in the previous section, we present our results in the mψ −MNR plane.
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FIG. 10. Allowed region of parameter space consistent with the density of dark matter as measured by Planck [6] (red solid
line) after taking into account all constraints discussed in Section V for yt

ψ = 1 and yc,u
ψ = 0.1 on the left and yt

ψ = 1 and
yc,u
ψ = 0.01, 0.5 on the right. The region in white is allowed but our dark matter annihilates too efficiently in the early universe.
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FIG. 11. Allowed region of parameter space consistent with the density of dark matter as measured by Planck [6] (red solid
line) after taking into account all constraints discussed in Section V for yt

ψ = 0.4 and yc,u
ψ = 0.01, 1. The region in white is

allowed but the dark matter annihilates too efficiently in the early universe.

In Figure 10(a) the region consistent with the density of dark matter as measured by Planck [6] is depicted by a
red solid line for ytψ = 1 and yc,uψ = 0.1. The dark grey region is excluded since we have assumed that mψ > MNR in
order for NR to be the lightest stable particle under the dark parity. The region below the green solid line is excluded
by searches for pair produced top squarks at the LHC. This is consistent with what we discussed in Section VE 3
where in the limit ytψ → 1 and yc,uψ → 0 the branching ratio BR(ψ → NR t) ≈ 1, thus the coloured electroweak-singlet
resembles a top squark that decays to a top quark and a neutralino as in supersymmetric extensions of the Standard

ytψ = 1, yc,uψ = 0.01, 0.5ytψ = 1, yc,uψ = 0.1

ytψ = 0.4, yc,uψ = 0.01, 1
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• Single top quark production in association with missing 
energy (MET) at the LHC.

constraints discussed in Section V.

We simulate our signal with an additional jet to take into account jets arising from initial

state radiation. Therefore, contributions to to the rate arise also from the diagrams depicted

in Figures 8-s1 and 9-s3 where one coloured electroweak-singlet decays to a top quark while

the other to a light jet. We implement a search strategy at the LHC in the hadronic and semi-

leptonic decay modes of the top-quark, that is: pp → t+NRNR → bjj+NRNR, blν+NRNR.

We study the possibility of detecting a monotop signal with the full data set with 8 TeV

centre of mass energy as well as in the future 14 TeV run.

A. LHC at 8 TeV: Hadronic mode.

To investigate the production of a single top with a large amount of missing energy at

the LHC, we simulate collisions with the full 20 fb−1 of integrated luminosity at centre of

mass energies of
√
s = 8 TeV. For a hadronically decaying top, the only source of irreducible

background is due to the production of an invisible decaying Z and three jets, one tagged

as a b-jet. The other dominant SM backgrounds consist of W plus jets, tt̄ production, single

top production, the production of two gauge bosons and QCD multijet production [20].

The latter are not simulated since their full implementation requires the use of data-driven

methods. However, we implement a series of kinematic cuts that are useful in order to

reduce this background.

c/u

c/u

NR

ψ
t

NR

FIG. 12. Leading order Feynman diagram for monotop production at the LHC in association with

missing transversed energy carried away by Majorana neutrino.

The dominant backgrounds are simulated at leading order using MadGraph 5 [57] and

implement PYTHIA [58] for the parton showering and hadronization. We then reweight the

events to include higher corrections when they are available. A k factor for tt̄ production

27

Monotop probe

arXiv:1106.6199
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• Single top quark production in association with missing 
energy (MET) at the LHC.
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We simulate our signal with an additional jet to take into account jets arising from initial

state radiation. Therefore, contributions to to the rate arise also from the diagrams depicted
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the other to a light jet. We implement a search strategy at the LHC in the hadronic and semi-

leptonic decay modes of the top-quark, that is: pp → t+NRNR → bjj+NRNR, blν+NRNR.

We study the possibility of detecting a monotop signal with the full data set with 8 TeV

centre of mass energy as well as in the future 14 TeV run.

A. LHC at 8 TeV: Hadronic mode.

To investigate the production of a single top with a large amount of missing energy at

the LHC, we simulate collisions with the full 20 fb−1 of integrated luminosity at centre of

mass energies of
√
s = 8 TeV. For a hadronically decaying top, the only source of irreducible

background is due to the production of an invisible decaying Z and three jets, one tagged

as a b-jet. The other dominant SM backgrounds consist of W plus jets, tt̄ production, single

top production, the production of two gauge bosons and QCD multijet production [20].

The latter are not simulated since their full implementation requires the use of data-driven

methods. However, we implement a series of kinematic cuts that are useful in order to

reduce this background.
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FIG. 12. Leading order Feynman diagram for monotop production at the LHC in association with

missing transversed energy carried away by Majorana neutrino.

The dominant backgrounds are simulated at leading order using MadGraph 5 [57] and

implement PYTHIA [58] for the parton showering and hadronization. We then reweight the

events to include higher corrections when they are available. A k factor for tt̄ production

27

Monotop probe

• Apply search strategy for the hadronic and semi-leptonic 
decay modes of the top quark at 8 and 14 TeV.
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Hadronic mode signal 8 TeV:
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FIG. 11. Allowed region of parameter space consistent with the density of dark matter as measured by Planck [6] (red solid
line) after taking into account all constraints discussed in Section V for yt

ψ = 0.4 and yc,u
ψ = 0.01, 1. The region in white is

allowed but the dark matter annihilates too efficiently in the early universe.

results show that the most constraining scenario is when ytψ → 0, since in this case, contributions to flavour violating
decays are very large. In the analysis that follows we chose to work in the limit where ycψ → 0 in exchange for a
potentially large monotop production rate which gets enhanced with an up-quark in the initial state.
Thus, we see that in all scenarios considered in this study, coloured electroweak-singlets with masses between

400− 600 GeV and Majorana neutrino masses between 150− 600 GeV can yield the correct dark matter abundance
while being consistent with all current experimental searches. Furthermore, we see that a light Majorana neutrino with
mass below 150 GeV is possible if we let ycψ → 0, relaxing the bounds arising from D0− D̄0 oscillations. However, this

is not the only recipe for a large monotop signature (large amount of /ET ) within our framework since for this region of
parameter space the colored electroweak-singlet is also relatively light. In addition, a large monotop production rate
requires a large yuψ region that is ruled out by direct searches for dark matter in the light mψ scenario, Figures 4(a)
and 4(b). In the following section we analyze the prospects of generating a monotop signal that could be probed with
the current data set at the LHC and in the future 14 TeV run.

VII. MONOTOP PRODUCTION

In this section we discuss the monotop signal within our framework. The CDF collaboration reported on a search
for dark matter using 7.7 fb−1 of integrated luminosity and pp̄ collisions at

√
s = 1.96 TeV [64]. Within the framework

of effective field theories, they were able to place an upper bound on the production cross section of a dark matter
particle in association with a single top quark. Their reach extends to dark matter masses below ∼ 150 GeV and we
found that implementing this analysis does not constrain our model beyond the constraints discussed in Section V.
We simulate our signal with an additional jet, that is, contributions to the rate arise from the diagram depicted in

Figures 25 as well as Figures 8(a) and 9(a) where one coloured electroweak-singlet decays to a top quark while the
other to a light jet. We implement a search strategy at the LHC in the hadronic and semi-leptonic decay modes of the
top quark, that is: pp → t +NRNR → bjj +NRNR, blν +NRNR. We study the possibility of detecting a monotop
signal with the full data set with 8 TeV centre of mass energy as well as in the future 14 TeV run.

A. LHC at 8 TeV: Hadronic mode.

To investigate the production of a single top quark with a large amount of missing energy at the LHC, we simulate
collisions with the full 20 fb−1 of integrated luminosity at centre of mass energies of

√
s = 8 TeV. For a hadronically

decaying top, the only source of irreducible background is due to the production of an invisible decaying Z and three

• Main Backgrounds:
• 
• 
•        and 
• Di-boson
• QCD multijet (Not simulated)

tt̄
tj + tW

Wj Zj
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results show that the most constraining scenario is when ytψ → 0, since in this case, contributions to flavour violating
decays are very large. In the analysis that follows we chose to work in the limit where ycψ → 0 in exchange for a
potentially large monotop production rate which gets enhanced with an up-quark in the initial state.
Thus, we see that in all scenarios considered in this study, coloured electroweak-singlets with masses between

400− 600 GeV and Majorana neutrino masses between 150− 600 GeV can yield the correct dark matter abundance
while being consistent with all current experimental searches. Furthermore, we see that a light Majorana neutrino with
mass below 150 GeV is possible if we let ycψ → 0, relaxing the bounds arising from D0− D̄0 oscillations. However, this

is not the only recipe for a large monotop signature (large amount of /ET ) within our framework since for this region of
parameter space the colored electroweak-singlet is also relatively light. In addition, a large monotop production rate
requires a large yuψ region that is ruled out by direct searches for dark matter in the light mψ scenario, Figures 4(a)
and 4(b). In the following section we analyze the prospects of generating a monotop signal that could be probed with
the current data set at the LHC and in the future 14 TeV run.

VII. MONOTOP PRODUCTION

In this section we discuss the monotop signal within our framework. The CDF collaboration reported on a search
for dark matter using 7.7 fb−1 of integrated luminosity and pp̄ collisions at

√
s = 1.96 TeV [64]. Within the framework

of effective field theories, they were able to place an upper bound on the production cross section of a dark matter
particle in association with a single top quark. Their reach extends to dark matter masses below ∼ 150 GeV and we
found that implementing this analysis does not constrain our model beyond the constraints discussed in Section V.
We simulate our signal with an additional jet, that is, contributions to the rate arise from the diagram depicted in

Figures 25 as well as Figures 8(a) and 9(a) where one coloured electroweak-singlet decays to a top quark while the
other to a light jet. We implement a search strategy at the LHC in the hadronic and semi-leptonic decay modes of the
top quark, that is: pp → t +NRNR → bjj +NRNR, blν +NRNR. We study the possibility of detecting a monotop
signal with the full data set with 8 TeV centre of mass energy as well as in the future 14 TeV run.

A. LHC at 8 TeV: Hadronic mode.

To investigate the production of a single top quark with a large amount of missing energy at the LHC, we simulate
collisions with the full 20 fb−1 of integrated luminosity at centre of mass energies of

√
s = 8 TeV. For a hadronically

decaying top, the only source of irreducible background is due to the production of an invisible decaying Z and three

• Pre-selection:
• Veto events with a lepton:

• Require b-jets to have                                           .

• Light jets to have                                           .

pT > 10 GeV, |η| < 2.5

pT > 50 GeV, |η| < 2.5

pT > 30 GeV, |η| < 2.5

Hadronic mode signal 8 TeV:



Seminar, Fermilab. May 8, 2014

18

 [GeV]TE

0 100 200 300 400 500

Ev
en

t f
ra

ct
io

n

-510

-410

-310

-210

-110

1 )Wt)j+t(tt(
tt

W+j
Z+j
VV

1s
2s

FIG. 13. Fraction of events as a function of the missing transverse energy, /E. The black solid line represents a scenario
within our framework where mψ = 150 GeV and MNR = 80 GeV while the dashed black line represents mψ = 700 GeV and
MNR = 210 GeV. Both signals were generated using (yt
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FIG. 14. Fraction of events as a function of the number of b-jets (left) and light jets (right). The signal was generated using
the same parameter points as in Figure 13.

a hadronic top χ2 variable used in [62]. For each triplet of jets out of the 7 leading light jets and the leading b-jet a
χ2 variable is constructed as:

χ2 =
(Mbj1j2 −Mtop)2

σ2
bj1j2

+
(Mj1j2 −MW )2

σ2
j1j2

, (44)

where Mbj1j2 is the mass of the three-jet system, Mj1j2 is the mass of the two jet system, Mtop = 174 GeV the
pole mass of the top quark, and MW = 80.4 GeV the mass of the W boson. The variables σbj1j2 and σj1j2 are the
uncertainties on the masses obtained after implementing a jet energy resolution of 5%. In Figure 15 we show the cross
section as a function of the reconstructed top quark mass that minimizes the χ2 variable after requiring exactly one
b-jet and no charged leptons. One can see that the majority of signal and background events are consistent with the
hadronic decay of a top quark. Therefore, restricting this variable, applying an appropriate MET cut and requiring

• Two signal regions defined by the 
amount of missing energy to probe the 
small and large        regions.mψ

s1 : mψ = 150 GeV,MNR = 80 GeV

s2 : mψ = 700 GeV,MNR = 210 GeV

ytψ = 1, yuψ = 0.5

• Pre-selection and large MET cut keep 
a good control of the QCD multijet 
background.

Hadronic mode signal 8 TeV:
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One important feature of monotop production is that it contains a large amount of missing transverse energy. This
is more prominent when the mass of the electroweak-singlet scalar is large compared to its decay products. We can see
this in Figure 13, where compared to the background, events with mψ = 700 GeV and MNR = 210 GeV (dashed black
line) and (ytψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5), lie in the region where /ET > 150 GeV. This is also true for the low mass region

(solid black line) where mψ = 150 GeV and MNR = 80 and (ytψ, y
c
ψ, y

u
ψ) = (1, 0.001, 0.5), though the distribution falls

off more rapidly due to the off-shell nature of the scalar ψ. In addition, in order to properly reject more background
events it is important to properly reconstruct the mass of the top quark. In particular, one will need to reject events
without exactly one b-jet after implementing a b-tagging efficiency of 40 percent. The distribution for the number of
b-jets is shown in Figure 14(a) and the number of light jets in Figure 14(b). Furthermore, to properly distinguish
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FIG. 14. Fraction of events as a function of the number of b-jets (left) and light jets (right). The signal was generated using
the same parameter points as in Figure 13.

the signal from the background one has to distinguish amongst the different combinations of jets from the one arising
from the hadronic decay of a top quark and consistent with the b-tagging information. We do this by implementing
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One important feature of monotop production is that it contains a large amount of missing transverse energy. This
is more prominent when the mass of the electroweak-singlet scalar is large compared to its decay products. We can see
this in Figure 13, where compared to the background, events with mψ = 700 GeV and MNR = 210 GeV (dashed black
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ψ) = (1, 0.001, 0.5), lie in the region where /ET > 150 GeV. This is also true for the low mass region
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ψ) = (1, 0.001, 0.5), though the distribution falls

off more rapidly due to the off-shell nature of the scalar ψ. In addition, in order to properly reject more background
events it is important to properly reconstruct the mass of the top quark. In particular, one will need to reject events
without exactly one b-jet after implementing a b-tagging efficiency of 40 percent. The distribution for the number of
b-jets is shown in Figure 14(a) and the number of light jets in Figure 14(b). Furthermore, to properly distinguish
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FIG. 14. Fraction of events as a function of the number of b-jets (left) and light jets (right). The signal was generated using
the same parameter points as in Figure 13.

the signal from the background one has to distinguish amongst the different combinations of jets from the one arising
from the hadronic decay of a top quark and consistent with the b-tagging information. We do this by implementing

• Keep events with 2 or 3 light jets

• Keep events with exactly 1 b-jet

Hadronic mode signal 8 TeV:
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• Top mass reconstruction algorithm used by CMS.  
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the absence of a charged lepton can significantly reduce the tt̄ and single-top backgrounds when the top quark decays
semileptonically and completely suppresses events originating from W and Z plus jets.
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FIG. 15. Cross section as a function of the reconstructed top quark mass after requiring exactly one b-jet and no charged
leptons and that minimizes the χ2 variable defined in Equation 44. The signal was generated using the same parameter points
as in Figure 13.

SM background N /E>90 GeV (σ [pb]) N /E>200 GeV (σ [pb])

W (→ lν)+ jets 1925 (0.096) 137 (6.83 × 10−3)

Z+ jets 420 (0.021) < 3 (< 1.54× 10−4)

tt̄+ jets 11080 (0.55) 344 (0.017)

t j + t W 892 (0.044) 37 (1.84× 10−3)

WW 17 (8.60× 10−5) < 1 (< 5.73× 10−5)

WZ 22 (1.12× 10−3) 2 (9.15× 10−5)

ZZ 11 (5.72× 10−4) 1 (4.76× 10−5)

TABLE III. Number of expected events, N , with 20 fb−1 of integrated luminosity and cross section in the two signal regions
specified by the amount of MET (> 90, > 200 GeV) and after applying the following cuts: nb = 1, nj = 2 or 3, a χ2 < 5,

50 < M
χ2
min

j1j2
< 105 GeV and 140 < M

χ2
min

bj1j2
< 195 GeV.

To analyze the monotop discovery reach within our framework we look at parameter points that can yield a large
p p → NR ψ production rate with a large branching ratio ψ → NR t. We choose to scan over the coloured electroweak-
singlet and Majorana neutrino masses using two benchmark points (ytψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5), (0.65, 0.001, 1). In the

scans we have set the ycψ coupling close to zero to suppress the constraints arising from D0 − D̄0 oscillations. A large
ytψ coupling is chosen since it yields natural values for neutrino masses and avoids the constraints arising from rare
decays of the muon. From the above considerations we implement two different hadronic monotop search strategies
based on the amount of missing energy design to increase the sensitivity to the low and high mψ regions. We define
a loose cut region by imposing /ET > 90 GeV and a tight cut region by /ET > 200 GeV.
Using the information from Figures 13-15 we implement the following universal cuts to suppress the SM backgrounds:

Demand exactly one b-jet and 2 or 3 light jets; a hadronic χ2 variable below 5, and a reconstructed two-jet system
consistent with the mass of the W boson. The number of background events in both MET regions is given in
Table III. In Figures 16(a) and 16(b) we show the allowed region of parameter space after all constraints have
been taken into consideration (light and dark grey regions) in the mψ − MNR plane for the loose cut criteria and
(ytψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5). The yellow region is allowed but the dark matter candidate annihilates too efficiently to

account for the dark matter relic abundance; while the red solid line is consistent with ΩDMh2 = 0.1199± 0.0027 [6].
In the figure we show three regions where our monotop signal can reach a significance, s = S/

√
S +B, of two, three

18

 [GeV]TE

0 100 200 300 400 500

Ev
en

t f
ra

ct
io

n

-510

-410

-310

-210

-110

1 )Wt)j+t(tt(
tt

W+j
Z+j
VV

1s
2s

FIG. 13. Fraction of events as a function of the missing transverse energy, /E. The black solid line represents a scenario
within our framework where mψ = 150 GeV and MNR = 80 GeV while the dashed black line represents mψ = 700 GeV and
MNR = 210 GeV. Both signals were generated using (yt

ψ, y
c
ψ, y

u
ψ) = (1, 0.001, 0.5).

bn

0 1 2 3 4 5 6 7

Ev
en

t f
ra

ct
io

n

-310

-210

-110

1 )Wt)j+t(tt(
tt

W+j
Z+j
VV

1s
2s

jn
0 1 2 3 4 5 6 7

Ev
en

t f
ra

ct
io

n

-310

-210

-110

1 )Wt)j+t(tt(
tt

W+j
Z+j
VV

1s
2s

FIG. 14. Fraction of events as a function of the number of b-jets (left) and light jets (right). The signal was generated using
the same parameter points as in Figure 13.

a hadronic top χ2 variable used in [62]. For each triplet of jets out of the 7 leading light jets and the leading b-jet a
χ2 variable is constructed as:

χ2 =
(Mbj1j2 −Mtop)2

σ2
bj1j2

+
(Mj1j2 −MW )2

σ2
j1j2

, (44)

where Mbj1j2 is the mass of the three-jet system, Mj1j2 is the mass of the two jet system, Mtop = 174 GeV the
pole mass of the top quark, and MW = 80.4 GeV the mass of the W boson. The variables σbj1j2 and σj1j2 are the
uncertainties on the masses obtained after implementing a jet energy resolution of 5%. In Figure 15 we show the cross
section as a function of the reconstructed top quark mass that minimizes the χ2 variable after requiring exactly one
b-jet and no charged leptons. One can see that the majority of signal and background events are consistent with the
hadronic decay of a top quark. Therefore, restricting this variable, applying an appropriate MET cut and requiring

Hadronic mode signal 8 TeV:
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a hadronic top χ2 variable used in [62]. For each triplet of jets out of the 7 leading light jets and the leading b-jet a
χ2 variable is constructed as:

χ2 =
(Mbj1j2 −Mtop)2

σ2
bj1j2

+
(Mj1j2 −MW )2

σ2
j1j2

, (47)

where Mbj1j2 is the mass of the three-jet system, Mj1j2 is the mass of the two jet system, Mtop = 174 GeV the
pole mass of the top quark, and MW = 80.4 GeV the mass of the W boson. The variables σbj1j2 and σj1j2 are the
uncertainties on the masses obtained after implementing a jet energy resolution of 5%. In Figure 15 we show the cross
section as a function of the reconstructed top quark mass that minimizes the χ2 variable after requiring exactly one
b-jet and no charged leptons. One can see that the majority of signal and background events are consistent with the
hadronic decay of a top quark. Therefore, restricting this variable, applying an appropriate MET cut and requiring
the absence of a charged lepton can significantly reduce the tt̄ and single-top backgrounds when the top quark decays
semileptonically and completely suppresses events originating from W and Z plus jets.
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FIG. 15. Cross section as a function of the reconstructed top quark mass after requiring exactly one b-jet and no charged
leptons and that minimizes the χ2 variable defined in Equation 47. The signal was generated using the same parameter points
as in Figure 13.

SM background N /E>90 GeV (σ [pb]) N /E>200 GeV (σ [pb])

W (→ lν)+ jets 1925 (0.096) 137 (6.83 × 10−3)

Z+ jets 420 (0.021) < 3 (< 1.54× 10−4)

tt̄+ jets 11080 (0.55) 344 (0.017)

t j + t W 892 (0.044) 37 (1.84× 10−3)

WW 17 (8.60× 10−5) < 1 (< 5.73× 10−5)

WZ 22 (1.12× 10−3) 2 (9.15× 10−5)

ZZ 11 (5.72× 10−4) 1 (4.76× 10−5)

TABLE III. Number of expected events, N , with 20 fb−1 of integrated luminosity and cross section in the two signal regions
specified by the amount of MET (> 90, > 200 GeV) and after applying the following cuts: nb = 1, nj = 2 or 3, a χ2 < 5,

50 < M
χ2
min

j1j2
< 105 GeV and 140 < M

χ2
min

bj1j2
< 195 GeV.

To analyze the monotop discovery reach within our framework we look at parameter points that can yield a large
p p → NR ψ production rate with a large branching ratio ψ → NR t. We choose to scan over the coloured electroweak-
singlet and Majorana neutrino masses using two benchmark points (ytψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5), (0.65, 0.001, 1). In the

scans we have set the ycψ coupling close to zero to suppress the constraints arising from D0 − D̄0 oscillations. A large
ytψ coupling is chosen since it yields natural values for neutrino masses and avoids the constraints arising from rare

•1 b-jet
• 2-3 light jets.
• 50 < Mjj < 105 GeV, 140 < Mbjj < 195 GeV.
•  χ2 < 5

Hadronic mode signal 8 TeV (20 fb-1):



Seminar, Fermilab. May 8, 2014

19

a hadronic top χ2 variable used in [62]. For each triplet of jets out of the 7 leading light jets and the leading b-jet a
χ2 variable is constructed as:

χ2 =
(Mbj1j2 −Mtop)2
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+
(Mj1j2 −MW )2
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j1j2

, (47)

where Mbj1j2 is the mass of the three-jet system, Mj1j2 is the mass of the two jet system, Mtop = 174 GeV the
pole mass of the top quark, and MW = 80.4 GeV the mass of the W boson. The variables σbj1j2 and σj1j2 are the
uncertainties on the masses obtained after implementing a jet energy resolution of 5%. In Figure 15 we show the cross
section as a function of the reconstructed top quark mass that minimizes the χ2 variable after requiring exactly one
b-jet and no charged leptons. One can see that the majority of signal and background events are consistent with the
hadronic decay of a top quark. Therefore, restricting this variable, applying an appropriate MET cut and requiring
the absence of a charged lepton can significantly reduce the tt̄ and single-top backgrounds when the top quark decays
semileptonically and completely suppresses events originating from W and Z plus jets.
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FIG. 15. Cross section as a function of the reconstructed top quark mass after requiring exactly one b-jet and no charged
leptons and that minimizes the χ2 variable defined in Equation 47. The signal was generated using the same parameter points
as in Figure 13.

SM background N /E>90 GeV (σ [pb]) N /E>200 GeV (σ [pb])

W (→ lν)+ jets 1925 (0.096) 137 (6.83 × 10−3)

Z+ jets 420 (0.021) < 3 (< 1.54× 10−4)

tt̄+ jets 11080 (0.55) 344 (0.017)

t j + t W 892 (0.044) 37 (1.84× 10−3)

WW 17 (8.60× 10−5) < 1 (< 5.73× 10−5)

WZ 22 (1.12× 10−3) 2 (9.15× 10−5)

ZZ 11 (5.72× 10−4) 1 (4.76× 10−5)

TABLE III. Number of expected events, N , with 20 fb−1 of integrated luminosity and cross section in the two signal regions
specified by the amount of MET (> 90, > 200 GeV) and after applying the following cuts: nb = 1, nj = 2 or 3, a χ2 < 5,

50 < M
χ2
min

j1j2
< 105 GeV and 140 < M

χ2
min

bj1j2
< 195 GeV.

To analyze the monotop discovery reach within our framework we look at parameter points that can yield a large
p p → NR ψ production rate with a large branching ratio ψ → NR t. We choose to scan over the coloured electroweak-
singlet and Majorana neutrino masses using two benchmark points (ytψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5), (0.65, 0.001, 1). In the

scans we have set the ycψ coupling close to zero to suppress the constraints arising from D0 − D̄0 oscillations. A large
ytψ coupling is chosen since it yields natural values for neutrino masses and avoids the constraints arising from rare

•1 b-jet
• 2-3 light jets.
• 50 < Mjj < 105 GeV, 140 < Mbjj < 195 GeV.
•  χ2 < 5

Hadronic mode signal 8 TeV (20 fb-1):
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a hadronic top χ2 variable used in [62]. For each triplet of jets out of the 7 leading light jets and the leading b-jet a
χ2 variable is constructed as:

χ2 =
(Mbj1j2 −Mtop)2

σ2
bj1j2

+
(Mj1j2 −MW )2
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, (47)

where Mbj1j2 is the mass of the three-jet system, Mj1j2 is the mass of the two jet system, Mtop = 174 GeV the
pole mass of the top quark, and MW = 80.4 GeV the mass of the W boson. The variables σbj1j2 and σj1j2 are the
uncertainties on the masses obtained after implementing a jet energy resolution of 5%. In Figure 15 we show the cross
section as a function of the reconstructed top quark mass that minimizes the χ2 variable after requiring exactly one
b-jet and no charged leptons. One can see that the majority of signal and background events are consistent with the
hadronic decay of a top quark. Therefore, restricting this variable, applying an appropriate MET cut and requiring
the absence of a charged lepton can significantly reduce the tt̄ and single-top backgrounds when the top quark decays
semileptonically and completely suppresses events originating from W and Z plus jets.
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FIG. 15. Cross section as a function of the reconstructed top quark mass after requiring exactly one b-jet and no charged
leptons and that minimizes the χ2 variable defined in Equation 47. The signal was generated using the same parameter points
as in Figure 13.

SM background N /E>90 GeV (σ [pb]) N /E>200 GeV (σ [pb])

W (→ lν)+ jets 1925 (0.096) 137 (6.83 × 10−3)

Z+ jets 420 (0.021) < 3 (< 1.54× 10−4)

tt̄+ jets 11080 (0.55) 344 (0.017)

t j + t W 892 (0.044) 37 (1.84× 10−3)

WW 17 (8.60× 10−5) < 1 (< 5.73× 10−5)

WZ 22 (1.12× 10−3) 2 (9.15× 10−5)

ZZ 11 (5.72× 10−4) 1 (4.76× 10−5)

TABLE III. Number of expected events, N , with 20 fb−1 of integrated luminosity and cross section in the two signal regions
specified by the amount of MET (> 90, > 200 GeV) and after applying the following cuts: nb = 1, nj = 2 or 3, a χ2 < 5,

50 < M
χ2
min

j1j2
< 105 GeV and 140 < M

χ2
min

bj1j2
< 195 GeV.

To analyze the monotop discovery reach within our framework we look at parameter points that can yield a large
p p → NR ψ production rate with a large branching ratio ψ → NR t. We choose to scan over the coloured electroweak-
singlet and Majorana neutrino masses using two benchmark points (ytψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5), (0.65, 0.001, 1). In the

scans we have set the ycψ coupling close to zero to suppress the constraints arising from D0 − D̄0 oscillations. A large
ytψ coupling is chosen since it yields natural values for neutrino masses and avoids the constraints arising from rare

•1 b-jet
• 2-3 light jets.
• 50 < Mjj < 105 GeV, 140 < Mbjj < 195 GeV.
• 
• Angular separation between leading light jet and MET as 
well as leading b-jet and MET: 

χ2 < 5

∆φ
�
pT (j,b),MET

�
> π/5

ATLAS-CONF-2013-024

Hadronic mode signal 8 TeV (20 fb-1):
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FIG. 19. Same as in Figure 18 with /ET > 90 GeV.

probed with the current LHC data set even if the production cross sections are two orders of magnitude below their
benchmark scenario.
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FIG. 20. Fraction of events as a function of the lepton’s transverse mass, MT . The black solid line represents a scenario
within our framework where mψ = 150 GeV and MNR = 80 GeV while the dashed black line represents mψ = 700 GeV and
MNR = 210 GeV. Both signals were generated using (yt

ψ, y
c
ψ, y

u
ψ) = (1, 0.001, 0.5).

Unlike the hadronic mode, we pre-select events by requiring one charged lepton with pT > 20 GeV and |η| < 2.5
in addition to the presence of a b-jet with pT > 20 GeV and |η| < 2.5. Using Figures 13 and 20, we implement two
sets of cuts on the MET and MT to enhance the sensitivity to the low and high mψ regions. Furthermore, in order
to suppress the QCD multijet background, in samples with one jet, we exclude any event where the pT,j > 70, 120
GeV for the two sets of cuts respectively. In Table IV we show the number of expected events and cross section for
the SM backgrounds for two sets of cuts. One can see that the Z+jets background is negligible in both cases, while
a high MET cut and a large jet pT veto significantly reduces the tt̄ and W+jets backgrounds.
In Figures 21(a) and 21(b) we show the allowed region of parameter space after all constraints have been taken

into consideration (light and dark grey regions) in the mψ −MNR plane for the two sets of cuts using (ytψ, y
c
ψ, y

u
ψ) =

(1, 0.001, 0.5). We can see that the semi-leptonic mode yields similar results to the hadronic mode after cuts to
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FIG. 17. Same as in Figure 16 with (yt
ψ, y

c
ψ, y

u
ψ) = (0.65, 0.001, 1).
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FIG. 18. Same as in Figure 16 with (yt
ψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5) (left) and (yt

ψ, y
c
ψ, y

u
ψ) = (0.65, 0.001, 1) and /ET > 200 GeV.

An additional cut was applied on the angular separation between the leading light jet and the MET and the leading b-jet and
the MET, ∆φ

(

pT (j,b), /ET

)

> π/5 to suppress the all-hadronic tt̄ and multijet backgrounds.

B. LHC at 8 TeV: Leptonic mode.

In the previous section we analyzed the prospect of probing the allowed region of parameter space by implementing
a search strategy which tags a singly produced top quark through its hadronic decay mode. We saw that such feat is
very challenging due to the small monotop production cross sections together with the presence of large QCD multijet
and the all-hadronic tt̄ backgrounds. In what follows we implement a monotop search strategy developed in [28], where
one tags the top quark through its semi-leptonic decay mode. The authors show that the key kinematic variable used
to suppress most of the SM backgrounds is the transverse mass of the charged lepton, MT , which has an endpoint
at the mass of the W boson. In addition, they show that QCD multijet and the all-hadronic tt̄ backgrounds can be
rejected by applying a high pT jet veto which suppresses the QCD missing energy that arises from misreconstructed
jets. Furthermore, the authors argue that this search strategy should lead to a signal significance which can be

ytψ = 1, yuψ = 0.5

ytψ = 1, yuψ = 0.5

MET > 90 GeV

MET > 200 GeV

Hadronic mode signal 8 TeV (20 fb-1): S =
s√

s+B
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Semi-leptonic mode signal 8 TeV:

t+NRNR → blν +NRNR

• Main Backgrounds:
• 
• 
•        and 
• Di-boson

tt̄
tj + tW

Wj Zj
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Semi-leptonic mode signal 8 TeV:

t+NRNR → blν +NRNR

• Main Backgrounds:
• 
• 
•        and 
• Di-boson
• Less likely to be contaminated by QCD multijet 
background. Little contamination from mis-
reconstructed jet (pT cut) .

tt̄
tj + tW

Wj Zj
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• Pre-selection:
• Require events with a lepton:

• Require one b-jet to with                                           .

• At most one light jet.                                           .

Semi-leptonic mode signal 8 TeV:

pT > 20 GeV, |η| < 2.5

pT > 20 GeV, |η| < 2.5

arXiv:1310.7600

t+NRNR → blν +NRNR
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FIG. 13. Fraction of events as a function of the missing transverse energy, /E. The black solid line represents a scenario
within our framework where mψ = 150 GeV and MNR = 80 GeV while the dashed black line represents mψ = 700 GeV and
MNR = 210 GeV. Both signals were generated using (yt

ψ, y
c
ψ, y

u
ψ) = (1, 0.001, 0.5).
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FIG. 14. Fraction of events as a function of the number of b-jets (left) and light jets (right). The signal was generated using
the same parameter points as in Figure 13.

a hadronic top χ2 variable used in [62]. For each triplet of jets out of the 7 leading light jets and the leading b-jet a
χ2 variable is constructed as:

χ2 =
(Mbj1j2 −Mtop)2

σ2
bj1j2

+
(Mj1j2 −MW )2

σ2
j1j2

, (44)

where Mbj1j2 is the mass of the three-jet system, Mj1j2 is the mass of the two jet system, Mtop = 174 GeV the
pole mass of the top quark, and MW = 80.4 GeV the mass of the W boson. The variables σbj1j2 and σj1j2 are the
uncertainties on the masses obtained after implementing a jet energy resolution of 5%. In Figure 15 we show the cross
section as a function of the reconstructed top quark mass that minimizes the χ2 variable after requiring exactly one
b-jet and no charged leptons. One can see that the majority of signal and background events are consistent with the
hadronic decay of a top quark. Therefore, restricting this variable, applying an appropriate MET cut and requiring

• Two signal regions defined by the amount of 
missing energy and the transverse mass of the 
charged lepton, MT, to probe the small and 
large         regions.mψ

s1 : mψ = 150 GeV,MNR = 80 GeV

s2 : mψ = 700 GeV,MNR = 210 GeV

ytψ = 1, yuψ = 0.5
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FIG. 19. Same as in Figure 18 with /ET > 90 GeV.

probed with the current LHC data set even if the production cross sections are two orders of magnitude below their
benchmark scenario.
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FIG. 20. Fraction of events as a function of the lepton’s transverse mass, MT . The black solid line represents a scenario
within our framework where mψ = 150 GeV and MNR = 80 GeV while the dashed black line represents mψ = 700 GeV and
MNR = 210 GeV. Both signals were generated using (yt

ψ, y
c
ψ, y

u
ψ) = (1, 0.001, 0.5).

Unlike the hadronic mode, we pre-select events by requiring one charged lepton with pT > 20 GeV and |η| < 2.5
in addition to the presence of a b-jet with pT > 20 GeV and |η| < 2.5. Using Figures 13 and 20, we implement two
sets of cuts on the MET and MT to enhance the sensitivity to the low and high mψ regions. Furthermore, in order
to suppress the QCD multijet background, in samples with one jet, we exclude any event where the pT,j > 70, 120
GeV for the two sets of cuts respectively. In Table IV we show the number of expected events and cross section for
the SM backgrounds for two sets of cuts. One can see that the Z+jets background is negligible in both cases, while
a high MET cut and a large jet pT veto significantly reduces the tt̄ and W+jets backgrounds.
In Figures 21(a) and 21(b) we show the allowed region of parameter space after all constraints have been taken

into consideration (light and dark grey regions) in the mψ −MNR plane for the two sets of cuts using (ytψ, y
c
ψ, y

u
ψ) =

(1, 0.001, 0.5). We can see that the semi-leptonic mode yields similar results to the hadronic mode after cuts to

ytψ = 1, yuψ = 0.5
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•1 b-jet
• 0-1 light jets with pT,j < 70, 120 GeV.

Semi-leptonic mode signal 8 TeV (20 fb-1): 23

SM background N /E>90 GeV,MT >110 GeV (σ [pb]) N /E>200 GeV,MT >120 GeV (σ [pb])

W (→ lν)+ jets 212 (0.011) < 7 (< 3.41× 10−4)

Z+ jets < 3 (< 1.54 × 10−4) < 3 (< 1.54× 10−4)

tt̄+ jets 1327 (0.066) 49 (2.46 × 10−3)

t j + t W 242 (0.012) < 2 (< 1.15× 10−4)

WW 2 (1.15 × 10−4) < 1 (5.73 × 10−5)

WZ 1 (6.86 × 10−5) *** (< 2.29× 10−5)

ZZ *** (< 7.94 × 10−6) *** (< 7.94× 10−6)

TABLE IV. Number of expected events, N , with 20 fb−1 of integrated luminosity and cross section in the two signal regions
specified by the amount of MET (> 90, > 200 GeV) and charged lepton’s transverse mass, MT (> 110, 120 GeV) and after
applying the following cuts: nb = 1, nj = 0 or 1.

100 200 300 400 500 600 700 800

100

200

300

400

500

600

MΨ !GeV"

M
N
!G
eV
"

100 200 300 400 500 600 700 800

100

200

300

400

500

600

MΨ !GeV"

M
N
!G
eV
"

FIG. 21. LHC reach with 20 fb−1 at 8 TeV of our semileptonic monotop signal using (yt
ψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5) after applying

all the cuts described in the text with /ET ,MT > 90, 110 GeV(left) and /ET ,MT > 200, 120 GeV (right). We show three regions
where our monotop signal can reach a significance, s = S/

√
S +B, of two, three and five sigma depicted by the dashed black,

blue and green lines respectively.

suppress the all-hadronic tt̄ and multijet backgrounds are applied, Figures 18(a)-19(a), and with a larger significance
in the low mψ region. Similarly, for (ytψ, y

c
ψ, y

u
ψ) = (0.65, 0.001, 1) in Figures 22(a) and 22(b), but again here the region

that can be probed with a semi-leptonic monotop search is ruled out by monojet searches. Since we can more easily
reject the all-hadronic tt̄ and QCD multijet backgrounds by tagging the monotop through its semi-leptonic decay, in
the next section we apply the above search strategy to the LHC running at energies of 14 TeV, and we look at the
possibility of probing our model with 30 and 300 fb−1 of integrated luminosities.

C. LHC at 14 TeV

In this section we analyze the LHC reach of our monotop signal at 14 TeV centre of mass energies with 30 and
300 fb−1 of integrated luminosities. We give an estimate of the SM backgrounds using the the k-factors introduced
in Table I to account for the higher order QCD corrections. The normalized cross sections and the number of events
generated are given in Table V. In the previous sections we saw that both the hadronic mode, post-tt̄ all-hadronic cuts,
and the semi-leptonic mode yielded comparable sensitivities to the monotop signal. However, since in the leptonic
mode the QCD multijet background component can be safely neglected, we choose to approach the 14 TeV analysis
requiring an isolated lepton in the final state.
In our analysis the focus is in the scenario where (ytψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5), since this benchmark will not be

arXiv:1310.7600
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•1 b-jet
• 0-1 light jets with pT,j < 70, 120 GeV.

Semi-leptonic mode signal 8 TeV (20 fb-1): 23

SM background N /E>90 GeV,MT >110 GeV (σ [pb]) N /E>200 GeV,MT >120 GeV (σ [pb])

W (→ lν)+ jets 212 (0.011) < 7 (< 3.41× 10−4)

Z+ jets < 3 (< 1.54 × 10−4) < 3 (< 1.54× 10−4)

tt̄+ jets 1327 (0.066) 49 (2.46 × 10−3)

t j + t W 242 (0.012) < 2 (< 1.15× 10−4)

WW 2 (1.15 × 10−4) < 1 (5.73 × 10−5)

WZ 1 (6.86 × 10−5) *** (< 2.29× 10−5)

ZZ *** (< 7.94 × 10−6) *** (< 7.94× 10−6)

TABLE IV. Number of expected events, N , with 20 fb−1 of integrated luminosity and cross section in the two signal regions
specified by the amount of MET (> 90, > 200 GeV) and charged lepton’s transverse mass, MT (> 110, 120 GeV) and after
applying the following cuts: nb = 1, nj = 0 or 1.
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FIG. 21. LHC reach with 20 fb−1 at 8 TeV of our semileptonic monotop signal using (yt
ψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5) after applying

all the cuts described in the text with /ET ,MT > 90, 110 GeV(left) and /ET ,MT > 200, 120 GeV (right). We show three regions
where our monotop signal can reach a significance, s = S/

√
S +B, of two, three and five sigma depicted by the dashed black,

blue and green lines respectively.

suppress the all-hadronic tt̄ and multijet backgrounds are applied, Figures 18(a)-19(a), and with a larger significance
in the low mψ region. Similarly, for (ytψ, y

c
ψ, y

u
ψ) = (0.65, 0.001, 1) in Figures 22(a) and 22(b), but again here the region

that can be probed with a semi-leptonic monotop search is ruled out by monojet searches. Since we can more easily
reject the all-hadronic tt̄ and QCD multijet backgrounds by tagging the monotop through its semi-leptonic decay, in
the next section we apply the above search strategy to the LHC running at energies of 14 TeV, and we look at the
possibility of probing our model with 30 and 300 fb−1 of integrated luminosities.

C. LHC at 14 TeV

In this section we analyze the LHC reach of our monotop signal at 14 TeV centre of mass energies with 30 and
300 fb−1 of integrated luminosities. We give an estimate of the SM backgrounds using the the k-factors introduced
in Table I to account for the higher order QCD corrections. The normalized cross sections and the number of events
generated are given in Table V. In the previous sections we saw that both the hadronic mode, post-tt̄ all-hadronic cuts,
and the semi-leptonic mode yielded comparable sensitivities to the monotop signal. However, since in the leptonic
mode the QCD multijet background component can be safely neglected, we choose to approach the 14 TeV analysis
requiring an isolated lepton in the final state.
In our analysis the focus is in the scenario where (ytψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5), since this benchmark will not be

arXiv:1310.7600

• Missing energy from mis-
reconstructed jets.
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Semi-leptonic mode signal 8 TeV (20 fb-1):
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SM background N /E>90 GeV,MT >110 GeV (σ [pb]) N /E>200 GeV,MT >120 GeV (σ [pb])

W (→ lν)+ jets 212 (0.011) < 7 (< 3.41× 10−4)

Z+ jets < 3 (< 1.54 × 10−4) < 3 (< 1.54× 10−4)

tt̄+ jets 1327 (0.066) 49 (2.46 × 10−3)

t j + t W 242 (0.012) < 2 (< 1.15× 10−4)

WW 2 (1.15 × 10−4) < 1 (5.73 × 10−5)

WZ 1 (6.86 × 10−5) *** (< 2.29× 10−5)

ZZ *** (< 7.94 × 10−6) *** (< 7.94× 10−6)

TABLE IV. Number of expected events, N , with 20 fb−1 of integrated luminosity and cross section in the two signal regions
specified by the amount of MET (> 90, > 200 GeV) and charged lepton’s transverse mass, MT (> 110, 120 GeV) and after
applying the following cuts: nb = 1, nj = 0 or 1.
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FIG. 21. LHC reach with 20 fb−1 at 8 TeV of our semileptonic monotop signal using (yt
ψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5) after applying

all the cuts described in the text with /ET ,MT > 90, 110 GeV(left) and /ET ,MT > 200, 120 GeV (right). We show three regions
where our monotop signal can reach a significance, s = S/

√
S +B, of two, three and five sigma depicted by the dashed black,

blue and green lines respectively.

suppress the all-hadronic tt̄ and multijet backgrounds are applied, Figures 18(a)-19(a), and with a larger significance
in the low mψ region. Similarly, for (ytψ, y

c
ψ, y

u
ψ) = (0.65, 0.001, 1) in Figures 22(a) and 22(b), but again here the region

that can be probed with a semi-leptonic monotop search is ruled out by monojet searches. Since we can more easily
reject the all-hadronic tt̄ and QCD multijet backgrounds by tagging the monotop through its semi-leptonic decay, in
the next section we apply the above search strategy to the LHC running at energies of 14 TeV, and we look at the
possibility of probing our model with 30 and 300 fb−1 of integrated luminosities.

C. LHC at 14 TeV

In this section we analyze the LHC reach of our monotop signal at 14 TeV centre of mass energies with 30 and
300 fb−1 of integrated luminosities. We give an estimate of the SM backgrounds using the the k-factors introduced
in Table I to account for the higher order QCD corrections. The normalized cross sections and the number of events
generated are given in Table V. In the previous sections we saw that both the hadronic mode, post-tt̄ all-hadronic cuts,
and the semi-leptonic mode yielded comparable sensitivities to the monotop signal. However, since in the leptonic
mode the QCD multijet background component can be safely neglected, we choose to approach the 14 TeV analysis
requiring an isolated lepton in the final state.
In our analysis the focus is in the scenario where (ytψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5), since this benchmark will not be

23

SM background N /E>90 GeV,MT >110 GeV (σ [pb]) N /E>200 GeV,MT >120 GeV (σ [pb])

W (→ lν)+ jets 212 (0.011) < 7 (< 3.41× 10−4)

Z+ jets < 3 (< 1.54 × 10−4) < 3 (< 1.54× 10−4)

tt̄+ jets 1327 (0.066) 49 (2.46 × 10−3)

t j + t W 242 (0.012) < 2 (< 1.15× 10−4)

WW 2 (1.15 × 10−4) < 1 (5.73 × 10−5)

WZ 1 (6.86 × 10−5) *** (< 2.29× 10−5)

ZZ *** (< 7.94 × 10−6) *** (< 7.94× 10−6)

TABLE IV. Number of expected events, N , with 20 fb−1 of integrated luminosity and cross section in the two signal regions
specified by the amount of MET (> 90, > 200 GeV) and charged lepton’s transverse mass, MT (> 110, 120 GeV) and after
applying the following cuts: nb = 1, nj = 0 or 1.
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FIG. 21. LHC reach with 20 fb−1 at 8 TeV of our semileptonic monotop signal using (yt
ψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5) after applying

all the cuts described in the text with /ET ,MT > 90, 110 GeV(left) and /ET ,MT > 200, 120 GeV (right). We show three regions
where our monotop signal can reach a significance, s = S/

√
S +B, of two, three and five sigma depicted by the dashed black,

blue and green lines respectively.

suppress the all-hadronic tt̄ and multijet backgrounds are applied, Figures 18(a)-19(a), and with a larger significance
in the low mψ region. Similarly, for (ytψ, y

c
ψ, y

u
ψ) = (0.65, 0.001, 1) in Figures 22(a) and 22(b), but again here the region

that can be probed with a semi-leptonic monotop search is ruled out by monojet searches. Since we can more easily
reject the all-hadronic tt̄ and QCD multijet backgrounds by tagging the monotop through its semi-leptonic decay, in
the next section we apply the above search strategy to the LHC running at energies of 14 TeV, and we look at the
possibility of probing our model with 30 and 300 fb−1 of integrated luminosities.

C. LHC at 14 TeV

In this section we analyze the LHC reach of our monotop signal at 14 TeV centre of mass energies with 30 and
300 fb−1 of integrated luminosities. We give an estimate of the SM backgrounds using the the k-factors introduced
in Table I to account for the higher order QCD corrections. The normalized cross sections and the number of events
generated are given in Table V. In the previous sections we saw that both the hadronic mode, post-tt̄ all-hadronic cuts,
and the semi-leptonic mode yielded comparable sensitivities to the monotop signal. However, since in the leptonic
mode the QCD multijet background component can be safely neglected, we choose to approach the 14 TeV analysis
requiring an isolated lepton in the final state.
In our analysis the focus is in the scenario where (ytψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5), since this benchmark will not be

MET > 90 GeV, MT > 110 GeV

MET > 200 GeV, MT > 120 GeV
ytψ = 1, yuψ = 0.5

ytψ = 1, yuψ = 0.5
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Semi-leptonic mode signal 8 TeV (20 fb-1):
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SM background N /E>90 GeV,MT >110 GeV (σ [pb]) N /E>200 GeV,MT >120 GeV (σ [pb])

W (→ lν)+ jets 212 (0.011) < 7 (< 3.41× 10−4)

Z+ jets < 3 (< 1.54 × 10−4) < 3 (< 1.54× 10−4)

tt̄+ jets 1327 (0.066) 49 (2.46 × 10−3)

t j + t W 242 (0.012) < 2 (< 1.15× 10−4)

WW 2 (1.15 × 10−4) < 1 (5.73 × 10−5)

WZ 1 (6.86 × 10−5) *** (< 2.29× 10−5)

ZZ *** (< 7.94 × 10−6) *** (< 7.94× 10−6)

TABLE IV. Number of expected events, N , with 20 fb−1 of integrated luminosity and cross section in the two signal regions
specified by the amount of MET (> 90, > 200 GeV) and charged lepton’s transverse mass, MT (> 110, 120 GeV) and after
applying the following cuts: nb = 1, nj = 0 or 1.
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FIG. 21. LHC reach with 20 fb−1 at 8 TeV of our semileptonic monotop signal using (yt
ψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5) after applying

all the cuts described in the text with /ET ,MT > 90, 110 GeV(left) and /ET ,MT > 200, 120 GeV (right). We show three regions
where our monotop signal can reach a significance, s = S/

√
S +B, of two, three and five sigma depicted by the dashed black,

blue and green lines respectively.

suppress the all-hadronic tt̄ and multijet backgrounds are applied, Figures 18(a)-19(a), and with a larger significance
in the low mψ region. Similarly, for (ytψ, y

c
ψ, y

u
ψ) = (0.65, 0.001, 1) in Figures 22(a) and 22(b), but again here the region

that can be probed with a semi-leptonic monotop search is ruled out by monojet searches. Since we can more easily
reject the all-hadronic tt̄ and QCD multijet backgrounds by tagging the monotop through its semi-leptonic decay, in
the next section we apply the above search strategy to the LHC running at energies of 14 TeV, and we look at the
possibility of probing our model with 30 and 300 fb−1 of integrated luminosities.

C. LHC at 14 TeV

In this section we analyze the LHC reach of our monotop signal at 14 TeV centre of mass energies with 30 and
300 fb−1 of integrated luminosities. We give an estimate of the SM backgrounds using the the k-factors introduced
in Table I to account for the higher order QCD corrections. The normalized cross sections and the number of events
generated are given in Table V. In the previous sections we saw that both the hadronic mode, post-tt̄ all-hadronic cuts,
and the semi-leptonic mode yielded comparable sensitivities to the monotop signal. However, since in the leptonic
mode the QCD multijet background component can be safely neglected, we choose to approach the 14 TeV analysis
requiring an isolated lepton in the final state.
In our analysis the focus is in the scenario where (ytψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5), since this benchmark will not be
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SM background N /E>90 GeV,MT >110 GeV (σ [pb]) N /E>200 GeV,MT >120 GeV (σ [pb])

W (→ lν)+ jets 212 (0.011) < 7 (< 3.41× 10−4)

Z+ jets < 3 (< 1.54 × 10−4) < 3 (< 1.54× 10−4)

tt̄+ jets 1327 (0.066) 49 (2.46 × 10−3)

t j + t W 242 (0.012) < 2 (< 1.15× 10−4)

WW 2 (1.15 × 10−4) < 1 (5.73 × 10−5)

WZ 1 (6.86 × 10−5) *** (< 2.29× 10−5)

ZZ *** (< 7.94 × 10−6) *** (< 7.94× 10−6)

TABLE IV. Number of expected events, N , with 20 fb−1 of integrated luminosity and cross section in the two signal regions
specified by the amount of MET (> 90, > 200 GeV) and charged lepton’s transverse mass, MT (> 110, 120 GeV) and after
applying the following cuts: nb = 1, nj = 0 or 1.
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FIG. 21. LHC reach with 20 fb−1 at 8 TeV of our semileptonic monotop signal using (yt
ψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5) after applying

all the cuts described in the text with /ET ,MT > 90, 110 GeV(left) and /ET ,MT > 200, 120 GeV (right). We show three regions
where our monotop signal can reach a significance, s = S/

√
S +B, of two, three and five sigma depicted by the dashed black,

blue and green lines respectively.

suppress the all-hadronic tt̄ and multijet backgrounds are applied, Figures 18(a)-19(a), and with a larger significance
in the low mψ region. Similarly, for (ytψ, y

c
ψ, y

u
ψ) = (0.65, 0.001, 1) in Figures 22(a) and 22(b), but again here the region

that can be probed with a semi-leptonic monotop search is ruled out by monojet searches. Since we can more easily
reject the all-hadronic tt̄ and QCD multijet backgrounds by tagging the monotop through its semi-leptonic decay, in
the next section we apply the above search strategy to the LHC running at energies of 14 TeV, and we look at the
possibility of probing our model with 30 and 300 fb−1 of integrated luminosities.

C. LHC at 14 TeV

In this section we analyze the LHC reach of our monotop signal at 14 TeV centre of mass energies with 30 and
300 fb−1 of integrated luminosities. We give an estimate of the SM backgrounds using the the k-factors introduced
in Table I to account for the higher order QCD corrections. The normalized cross sections and the number of events
generated are given in Table V. In the previous sections we saw that both the hadronic mode, post-tt̄ all-hadronic cuts,
and the semi-leptonic mode yielded comparable sensitivities to the monotop signal. However, since in the leptonic
mode the QCD multijet background component can be safely neglected, we choose to approach the 14 TeV analysis
requiring an isolated lepton in the final state.
In our analysis the focus is in the scenario where (ytψ, y

c
ψ, y

u
ψ) = (1, 0.001, 0.5), since this benchmark will not be

MET > 90 GeV, MT > 110 GeV

MET > 200 GeV, MT > 120 GeV
ytψ = 1, yuψ = 0.5

ytψ = 1, yuψ = 0.5

• Signal significance similar to 
hadronic mode... but better control of 
QCD multijet background.
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Semi-leptonic mode signal 14 TeV:

• SM backgrounds using k-factors from 8 TeV cross 
sections.
• Wj and Zj backgrounds suppressed by a combination of 
lepton isolation, b-tagging and MT cuts.
• However, for large collider energies, a large MET cut is 
necessary. 
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Semi-leptonic mode signal 14 TeV:

• SM backgrounds using k-factors from 8 TeV cross 
sections.
• Wj and Zj backgrounds suppressed by a combination of 
lepton isolation, b-tagging and MT cuts.
• However, for large collider energies, a large MET cut is 
necessary. 
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FIG. 22. Same as in Figure 21 with (yt
ψ, y

c
ψ, y

u
ψ) = (0.65, 0.001, 1).

Process σ [pb]

W+ jets 2.19 × 105

Z+ jets 6.66 × 104

tt̄+ jets 1052.93

tj+tW 347.42

WW 119.84

WZ 48.87

ZZ 17.09

TABLE V. Cross sections normalized to their next-to-leading order results for the leading SM background contributions at
centre of mass energies of 14 TeV. The cross sections are normalized using the k-factors introduced in Table I.

in much tension with dark matter direct detection constraints. In the previous subsection, we showed that the full
data set at

√
s = 8 TeV was not enough to probe the parameter space using the semi-leptonic decay mode of the

top quark. However, we saw that a large enough cut on the MET was enough to suppress the W and Z plus jets
backgrounds. This was due to the low acceptance rate from demanding a b-jet and an isolated lepton in the final
state. The suppression of the W plus jets background component was also due to a cut on the transverse mass of
the charged lepton, MT . At energies of

√
s = 14 TeV, the same behaviour is observed if one keeps events with a high

enough MET. Therefore, in our analysis we apply the cuts used to enhance the sensitivity of the search to the high
mψ region:

/ET > 200 GeV, MT > 120 GeV. (48)

In addition, we require events to contain up to one jet with pT < 120 GeV to suppress the QCD multijet SM
background which we do not simulate. The signal cross section together with the two dominant backgrounds, tt̄ and
tj + tW , are shown in Table VI. The signal corresponds to a coloured electroweak-singlet scalar with mass mψ = 700
GeV and a Majorana neutrino with mass MNR = 210 GeV. In Figures 23(a) and 23(b) we show the signal significance
in the mψ − MNR plane using 30 fb−1 and 300 fb−1 of integrated luminosities respectively. Contours of two, three
and five sigma are depicted by the dashed black, blue and green lines respectively. Compared to the scenario depicted
in Figure 21(b), the increase in energy from 8 to 14 TeV already shows that the LHC will potentially begin to probe
this framework very early during run 2. However, and order of magnitude increase in the luminosity will probe the
allowed region of parameter space for Majorana neutrino masses below ∼ 400 GeV.
Even though the above analysis has been carried out by tagging the semi-leptonic decay mode of the top quark, one

can equally tag the hadronic decay mode and apply similar cuts as those mentioned at the beginning of this section.
However, the all-hadronic and QCD multijet backgrounds do represent a problem in accurately taking into account all

25

L [fb−1] σ (tt̄+ jets) [pb], N σ (tj + tW ) [pb], N σsignal[pb], N

30 6.31 × 10−3, 189 1.39 × 10−3, 42 6.85 × 10−4, 21

300 1892 417 205

TABLE VI. Number of expected events, N , with 30 and 300 fb−1 of integrated luminosities and cross section at
√
s = 14

TeV for the two dominant SM backgrounds specified after applying the cuts mentioned in the text. The signal strength is also
shown for mψ = 700 GeV and MNR = 210 GeV.
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FIG. 23. LHC reach with 30 (left) fb−1 and 300 fb−1 (right) at 14 TeV of our semileptonic monotop signal using (yt
ψ, y

c
ψ, y

u
ψ) =

(1, 0.001, 0.5) and after applying all the cuts described in the text. The three regions where our monotop signal can reach a
significance, s = S/

√
S +B, of two, three and five sigma are depicted by the dashed black, blue and green lines respectively.

SM backgrounds. Simulating these backgrounds will require the combined efforts from experimentalists and theorists
alike. Nonetheless, one can start to better discriminate the signal from the well established SM backgrounds by
tagging boosted tops. Within our framework, at

√
s = 14 TeV, the production of heavy coloured electroweak-singlet

scalars leads to boosted tops provided that the mass of the Majorana neutrino is not very large. This is particularly
interesting since this region of parameter space is consistent with the relic abundance of dark matter in the universe.
In Figure 24 we show the fraction of events as a function of the transverse momentum of the reconstructed top
quark, pT,top. The momentum corresponds to the combination of jets with minimizes the χ2 variable introduced in
Equation 47. The black dashed line corresponds to the signal with mψ = 700 GeV and MNR = 210 GeV. The study
of boosted tops and how they are tagged is an active field of research [71–76] and it would be very interesting to see its
effects on models that predict a monotop signal at large centre of mass energies, together with a full implementation
and treatment of the QCD multijet background.

VIII. DISCUSSION

In this study we have generalized the model introduced in [33], coupling all three generations of right-handed up-
type quarks to a Majorana neutrino and a coloured electroweak-singlet scalar. Within this framework, the dark matter
relic abundance can match the latest experimental results over a wide range of couplings yt,c,uψ . However, we saw that
very large values of yuψ can be in disagreement with limits obtained from direct dark matter searches. In particular,
the model is mainly constrained by spin dependent interactions between the dark matter and nuclei. The constraints
are larger when the coloured electroweak-singlet scalar is in resonance with the Majorana neutrino. Furthermore, the
possibility of radiatively generating Majorana masses for the active neutrinos is mainly dependent on ytψ since the
contributions from the up and charm quarks are proportional to their masses. Natural neutrino masses are possible
over the whole range of ytψ values. However, constraints from rare decays such as µ → eγ prefer large values of ytψ.
In addition, D-meson oscillations tend to constrain the product yuψy

c
ψ.

ytψ = 1, yuψ = 0.5, mψ = 700 GeV, MNR = 210 GeV

• MET > 200 GeV, MT > 120 GeV and pT,j < 120 GeV
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Semi-leptonic mode signal 14 TeV:

• SM backgrounds using k-factors from 8 TeV cross 
sections.
• Wj and Zj backgrounds suppressed by a combination of 
lepton isolation, b-tagging and MT cuts.
• However, for large collider energies, a large MET cut is 
necessary. 
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FIG. 22. Same as in Figure 21 with (yt
ψ, y

c
ψ, y

u
ψ) = (0.65, 0.001, 1).

Process σ [pb]

W+ jets 2.19 × 105

Z+ jets 6.66 × 104

tt̄+ jets 1052.93

tj+tW 347.42

WW 119.84

WZ 48.87

ZZ 17.09

TABLE V. Cross sections normalized to their next-to-leading order results for the leading SM background contributions at
centre of mass energies of 14 TeV. The cross sections are normalized using the k-factors introduced in Table I.

in much tension with dark matter direct detection constraints. In the previous subsection, we showed that the full
data set at

√
s = 8 TeV was not enough to probe the parameter space using the semi-leptonic decay mode of the

top quark. However, we saw that a large enough cut on the MET was enough to suppress the W and Z plus jets
backgrounds. This was due to the low acceptance rate from demanding a b-jet and an isolated lepton in the final
state. The suppression of the W plus jets background component was also due to a cut on the transverse mass of
the charged lepton, MT . At energies of

√
s = 14 TeV, the same behaviour is observed if one keeps events with a high

enough MET. Therefore, in our analysis we apply the cuts used to enhance the sensitivity of the search to the high
mψ region:

/ET > 200 GeV, MT > 120 GeV. (48)

In addition, we require events to contain up to one jet with pT < 120 GeV to suppress the QCD multijet SM
background which we do not simulate. The signal cross section together with the two dominant backgrounds, tt̄ and
tj + tW , are shown in Table VI. The signal corresponds to a coloured electroweak-singlet scalar with mass mψ = 700
GeV and a Majorana neutrino with mass MNR = 210 GeV. In Figures 23(a) and 23(b) we show the signal significance
in the mψ − MNR plane using 30 fb−1 and 300 fb−1 of integrated luminosities respectively. Contours of two, three
and five sigma are depicted by the dashed black, blue and green lines respectively. Compared to the scenario depicted
in Figure 21(b), the increase in energy from 8 to 14 TeV already shows that the LHC will potentially begin to probe
this framework very early during run 2. However, and order of magnitude increase in the luminosity will probe the
allowed region of parameter space for Majorana neutrino masses below ∼ 400 GeV.
Even though the above analysis has been carried out by tagging the semi-leptonic decay mode of the top quark, one

can equally tag the hadronic decay mode and apply similar cuts as those mentioned at the beginning of this section.
However, the all-hadronic and QCD multijet backgrounds do represent a problem in accurately taking into account all
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L [fb−1] σ (tt̄+ jets) [pb], N σ (tj + tW ) [pb], N σsignal[pb], N

30 6.31 × 10−3, 189 1.39 × 10−3, 42 6.85 × 10−4, 21

300 1892 417 205

TABLE VI. Number of expected events, N , with 30 and 300 fb−1 of integrated luminosities and cross section at
√
s = 14

TeV for the two dominant SM backgrounds specified after applying the cuts mentioned in the text. The signal strength is also
shown for mψ = 700 GeV and MNR = 210 GeV.
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FIG. 23. LHC reach with 30 (left) fb−1 and 300 fb−1 (right) at 14 TeV of our semileptonic monotop signal using (yt
ψ, y

c
ψ, y

u
ψ) =

(1, 0.001, 0.5) and after applying all the cuts described in the text. The three regions where our monotop signal can reach a
significance, s = S/

√
S +B, of two, three and five sigma are depicted by the dashed black, blue and green lines respectively.

SM backgrounds. Simulating these backgrounds will require the combined efforts from experimentalists and theorists
alike. Nonetheless, one can start to better discriminate the signal from the well established SM backgrounds by
tagging boosted tops. Within our framework, at

√
s = 14 TeV, the production of heavy coloured electroweak-singlet

scalars leads to boosted tops provided that the mass of the Majorana neutrino is not very large. This is particularly
interesting since this region of parameter space is consistent with the relic abundance of dark matter in the universe.
In Figure 24 we show the fraction of events as a function of the transverse momentum of the reconstructed top
quark, pT,top. The momentum corresponds to the combination of jets with minimizes the χ2 variable introduced in
Equation 47. The black dashed line corresponds to the signal with mψ = 700 GeV and MNR = 210 GeV. The study
of boosted tops and how they are tagged is an active field of research [71–76] and it would be very interesting to see its
effects on models that predict a monotop signal at large centre of mass energies, together with a full implementation
and treatment of the QCD multijet background.

VIII. DISCUSSION

In this study we have generalized the model introduced in [33], coupling all three generations of right-handed up-
type quarks to a Majorana neutrino and a coloured electroweak-singlet scalar. Within this framework, the dark matter
relic abundance can match the latest experimental results over a wide range of couplings yt,c,uψ . However, we saw that
very large values of yuψ can be in disagreement with limits obtained from direct dark matter searches. In particular,
the model is mainly constrained by spin dependent interactions between the dark matter and nuclei. The constraints
are larger when the coloured electroweak-singlet scalar is in resonance with the Majorana neutrino. Furthermore, the
possibility of radiatively generating Majorana masses for the active neutrinos is mainly dependent on ytψ since the
contributions from the up and charm quarks are proportional to their masses. Natural neutrino masses are possible
over the whole range of ytψ values. However, constraints from rare decays such as µ → eγ prefer large values of ytψ.
In addition, D-meson oscillations tend to constrain the product yuψy

c
ψ.

ytψ = 1, yuψ = 0.5, mψ = 700 GeV, MNR = 210 GeV

• MET > 200 GeV, MT > 120 GeV and pT,j < 120 GeV

S = 1.3
S = 4.1
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TABLE VI. Number of expected events, N , with 30 and 300 fb−1 of integrated luminosities and cross section at
√
s = 14

TeV for the two dominant SM backgrounds specified after applying the cuts mentioned in the text. The signal strength is also
shown for mψ = 700 GeV and MNR = 210 GeV.
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FIG. 23. LHC reach with 30 (left) fb−1 and 300 fb−1 (right) at 14 TeV of our semileptonic monotop signal using (yt
ψ, y

c
ψ, y

u
ψ) =

(1, 0.001, 0.5) and after applying all the cuts described in the text. The three regions where our monotop signal can reach a
significance, s = S/

√
S +B, of two, three and five sigma are depicted by the dashed black, blue and green lines respectively.

SM backgrounds. Simulating these backgrounds will require the combined efforts from experimentalists and theorists
alike. Nonetheless, one can start to better discriminate the signal from the well established SM backgrounds by
tagging boosted tops. Within our framework, at

√
s = 14 TeV, the production of heavy coloured electroweak-singlet

scalars leads to boosted tops provided that the mass of the Majorana neutrino is not very large. This is particularly
interesting since this region of parameter space is consistent with the relic abundance of dark matter in the universe.
In Figure 24 we show the fraction of events as a function of the transverse momentum of the reconstructed top
quark, pT,top. The momentum corresponds to the combination of jets with minimizes the χ2 variable introduced in
Equation 47. The black dashed line corresponds to the signal with mψ = 700 GeV and MNR = 210 GeV. The study
of boosted tops and how they are tagged is an active field of research [71–76] and it would be very interesting to see its
effects on models that predict a monotop signal at large centre of mass energies, together with a full implementation
and treatment of the QCD multijet background.

VIII. DISCUSSION

In this study we have generalized the model introduced in [33], coupling all three generations of right-handed up-
type quarks to a Majorana neutrino and a coloured electroweak-singlet scalar. Within this framework, the dark matter
relic abundance can match the latest experimental results over a wide range of couplings yt,c,uψ . However, we saw that
very large values of yuψ can be in disagreement with limits obtained from direct dark matter searches. In particular,
the model is mainly constrained by spin dependent interactions between the dark matter and nuclei. The constraints
are larger when the coloured electroweak-singlet scalar is in resonance with the Majorana neutrino. Furthermore, the
possibility of radiatively generating Majorana masses for the active neutrinos is mainly dependent on ytψ since the
contributions from the up and charm quarks are proportional to their masses. Natural neutrino masses are possible
over the whole range of ytψ values. However, constraints from rare decays such as µ → eγ prefer large values of ytψ.
In addition, D-meson oscillations tend to constrain the product yuψy

c
ψ.
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TABLE VI. Number of expected events, N , with 30 and 300 fb−1 of integrated luminosities and cross section at
√
s = 14

TeV for the two dominant SM backgrounds specified after applying the cuts mentioned in the text. The signal strength is also
shown for mψ = 700 GeV and MNR = 210 GeV.
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FIG. 23. LHC reach with 30 (left) fb−1 and 300 fb−1 (right) at 14 TeV of our semileptonic monotop signal using (yt
ψ, y

c
ψ, y

u
ψ) =

(1, 0.001, 0.5) and after applying all the cuts described in the text. The three regions where our monotop signal can reach a
significance, s = S/

√
S +B, of two, three and five sigma are depicted by the dashed black, blue and green lines respectively.

SM backgrounds. Simulating these backgrounds will require the combined efforts from experimentalists and theorists
alike. Nonetheless, one can start to better discriminate the signal from the well established SM backgrounds by
tagging boosted tops. Within our framework, at

√
s = 14 TeV, the production of heavy coloured electroweak-singlet

scalars leads to boosted tops provided that the mass of the Majorana neutrino is not very large. This is particularly
interesting since this region of parameter space is consistent with the relic abundance of dark matter in the universe.
In Figure 24 we show the fraction of events as a function of the transverse momentum of the reconstructed top
quark, pT,top. The momentum corresponds to the combination of jets with minimizes the χ2 variable introduced in
Equation 47. The black dashed line corresponds to the signal with mψ = 700 GeV and MNR = 210 GeV. The study
of boosted tops and how they are tagged is an active field of research [71–76] and it would be very interesting to see its
effects on models that predict a monotop signal at large centre of mass energies, together with a full implementation
and treatment of the QCD multijet background.

VIII. DISCUSSION

In this study we have generalized the model introduced in [33], coupling all three generations of right-handed up-
type quarks to a Majorana neutrino and a coloured electroweak-singlet scalar. Within this framework, the dark matter
relic abundance can match the latest experimental results over a wide range of couplings yt,c,uψ . However, we saw that
very large values of yuψ can be in disagreement with limits obtained from direct dark matter searches. In particular,
the model is mainly constrained by spin dependent interactions between the dark matter and nuclei. The constraints
are larger when the coloured electroweak-singlet scalar is in resonance with the Majorana neutrino. Furthermore, the
possibility of radiatively generating Majorana masses for the active neutrinos is mainly dependent on ytψ since the
contributions from the up and charm quarks are proportional to their masses. Natural neutrino masses are possible
over the whole range of ytψ values. However, constraints from rare decays such as µ → eγ prefer large values of ytψ.
In addition, D-meson oscillations tend to constrain the product yuψy

c
ψ.

L = 30 fb-1

L = 300 fb-1

ytψ = 1, yuψ = 0.5

ytψ = 1, yuψ = 0.5
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Summary

• A weakly interacting massive particle is still a very 
attractive candidate to address the nature of dark matter.
•  We must use not only astrophysical resources to address 
the nature of dark matter but the power of hadron 
colliders.
• The existence of dark matter may be inferred through 
exotic processes as well as properties of SM particles. 
• Next run at the LHC may begin to probe monotop 
production.
• It may lead to evidence of the underlying mechanism the 
bestows neutrinos with mass.


